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The fasctnatiDg possibility of predicting the course of a chemical 
reaction from & few characteristic co&stanta of the reacticg 
substances seemed very far from reali^atign after the ill-starred 
attempt of Berthelot, Recent attacks upon this problem have 
been more successful, antl the future is promising. 

Prof. Haber's book entitled " Thefmodynamik Techiiischer 
Gasreactioueo " ra a most important contributiou to this satjecl. 
It 13 a pleasure for me to assist iu making this book better 
known to the English -speak inj| world. 

I'rofiessor Haber lias thoroughly revised the German edition 
puFpoeely for this tmnslation. Many parts have been re-written, 
and the changes necessitated by the progress of the subject 
during the years 1U05 aod 1906 have been made. In those 
lectures where this involved too eilensive alterations the 
origiinal text has heoti adhered to, and the oew results added in 
appendices. The appendix to the Third Let-'ture was tnms- 
lated by Dr, Maitland, that to the Fifth by Mr. K,. Le Eossignol. 

The translation of the first four Lecturos was completed in 
its final form in the apriiig of 1906. 

It gives me pleasure to acknowledge the valuable assistance 
rendered me by Dr, M. H. Hunter in the reading of the proofs. 



ARTHUR B. LAMB. 
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PKEFAC'E 



DrTRiSG FebruMy of this year I deli-vered a series of seven 
u^'ening lectures oa the therm txlynatntcs of tecbbical gfts re- 
actions, before several of my colleagues and .1 number of my 
yoTingor reseatch students. I o&uld assume that my audience 
ivas familiar with lU« cbemica! Aud teclinical side of tbe subject, 
but was obliged to develop the mechaoical theory of beat from 
i(g very foundations. These lectures, intcrtdeil simply to intro- 
duce the subject for discussion by my colleagues and students, 
are here reproiliiced. 

QuestioDs asked me after the lectures, and certain difficulties 
which ivere euconutered in making the subject clear, have lead 
me to make myeiplanations heroaomewhat fuller, and to ailcipt 
the style of an essay rather than of a lecture. 

I liave not made uay of the atomic liyijothesis En these 
lectures. This is not due to any aut^^oDtsui on tny part to 
this hypothesis. [ am simply convinced that the application 
of the mechanical theory of heat to chemistry becomes easier 
ftDd more compi-ehensible the closer we restrict ourselves to 
tlje heat and work effects of masses directly perceptible to our 
senses. 

In presenting the fundamentals of this theory, I have chosen 
Heoxholtz's point of view. From it a chemical reaction is 
considered to have a latent beat just as does any simple change 
in the state of aggregation. Conaeqiiently. in my pi-eaentation. 
the two parts into which total energy can be divided are not 
spoken of as fre« and h-nind turrgy, but as reiidio}!. cnfr'jy ami 
hiteni heat. Various reasons have lead me to adopt this less 
usual nomenclature. In Lhe Urst place, lattait heat is a (^louurett^ 
entity appealing directly to our senses. The idea of " liouud 
energy " is an abstraction. Then, too, the intimate thet>retrcuil 
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PREFACE 

and practical conaBctiou L»etween gas reactions anil tlie disso- 
ciation and vaporization of solids onn be nntcli more readily 
appreciated from this standpoint, Finally, starting frara it. 
there is no difficulty in gmsping both the idea of a tetnperatnra 
coefficient of masimum work, upon which VHU't Hoff, Ostwald, 
and Neinst bnsed certain spix-ial considerations, and tho idea of 
entropy which underlies Planck's method of troatment. 

In connection with the work of Helmholt^, and particularly 
because of an ai'licle by vau't HoJf in the " Fi^stschrift " pub- 
lished in celebration of Uoltzinann'a sixtieth birthday, t have 
discussed at length the influence of specific heats on the energy 
of gaseous reactions. The special im^wrtance of specific heats 
in this kind of j-eactions is fully discussed at the end of the 
Fourth Lecture. The methods of measuring specific heats, and 
the data we thus far poa^cas in this field, have also been treateit 
at length ; indeed, very much at length in some places, in order 
to permit the reader to criticize the choice fiuaDy made. Our 
knowledge of specific heats is at present ao scanty that we 
must often trust to a sort of expert instinct in selecting proper 
values, without being able in some instances to prove definitely 
that the clioaen results are really lietter than those of soinn 
other investigator. 

The book has been written lor ihe sukn of tpuhnical rather 
than theoretical chemistry. I liojie tliat it may facilitate both 
teaching and experimental investigation of the subject of tech- 
nical gas reactions. It ia not a handbook, nor data it attempt 
a complete presentation of all the material, but ratlier a clear 
and exiiawative treatment of the more important casus. How 
well I have succeeded in this clarification must be left to tlm 
decision of my cuUoague-s. 

Messrs. Gottlob and Moaer have assisted me greatly in the 
many nuiiu'ricnl coniputalLons contained in the book. I .'^hall 
be i;nttfful fur niitihiratinn of any inaccuraciea of nnykiml which 
mny be found. 
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THE LATENT HEAT OF CnEMICAL KEACTION AND ITS RELATION 
TO HEACTIOS ENEKOV 

Gentlemen, — In these lectures I shall endeavour to innke 
clear the aigiiificanoe of lieafc factora in gaa reactions, mt-h 
especial reference to the specific heats of tlie interacting sub- 
stances and hi the heat evolv&l daring the reaction. 

Thennochemiatry concerns itself in general with the total 
amount of heat evolved (or absorbed) during the whole course 
lif a reaction, but leaves quite untouched the question as to 
whether the reaction goee to completion in one direction or halls 
in an intermediate (equilibrium) cfinditiou. 

All simple gaa reactions do halt at such equilibrium 
conditions, and are consequently incomplete. Often, indeed 
as a rule, this iucompletenesa only becomes perceptible at 
high temperatnresJ But phenomena at high temperatures 
are precisely what interest us hei'e. In the region of low 
tempermtiirea, gases often react very sluggishly with one 
another. The rejictif>n velocities are then the governing 
factors of the proceaa, and these ai'e not to be predicted 
in advance from the standpoint of the theory of lieat. The 
higher the teraperatui* rises the leas important do these factors 
become, wliile the e«|uilibrium phenomena which are subject 
to theoretical treatment attain prominence. These equilibrium 
phenomena* ore all that we shall concern ourselves with here. 

^ Theoretically every reaction belong to tliia class, and mny ikcrefore 
bo tertHcd reveraible. But itnmat Iw posaible to deraonstrate experimeiilaJly 
tliia wveiaibility under any condiUoiii if its Uicoreticftl consideration is t& Iw 
8cit iitiQ(^IIy HBcrul. 

* HflM ive mean only '■ real " equilibria, whicli cq" be reachej from both 
&\Aes. Tlie " false" equilibria, which can bo Kaolicd from om Bide only, 
and their rclatjoEi to puBive resistance anil reaction velocity, will be 
discU!)se<l in the lost toetnro. 
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They have often been diaciwsefl in relation to tlie maas actirtn 
of the reattinf; substances, but the influence exerted by the 
specific heat of the aubstaucea has received but little attention, 
Le Chatelier,'- to be sure, showed h>ng a;^a, in a eomprebenaive 
■work on dissociation, the iiiijiortaiice of sjjecific beats, but tLia 
work was not accorded the general notice which it deserved. 
Tine result is that our knowledge of tlie subject ia limitai and 
tlio number of cases at our diapoaal is scanty. Tlie subject 
has, however, so broad a significance that it is well worth oht 
while to become conversant with it. Only when we eonsider 
the joint effect of mass action and tlie specific heats of the 
reacting substances are we able, from observations made at any 
one temperature, to draw inferenc&s regarding the phenomena 
wbicli will take place at a temperature, say a thousand degrees 
higher The theory even aSbrda us the expectation of being 
able to find out all about a gas equilibrium at high tempera- 
tures, simply from a knowledge of the heat factors concerned, 
without any experimental determinations of mass actions.'^ 
Satisfactory ooiifii-mation, however, of this last step is lacking, 
because our knowledge of the specific heata of gases is as yet 
too ineompletG. 

Gas reactions at high temperatures frequently jiosaess a veiy 
great practical interest. We should mention, in the first place, 
those heating processes where carbon dioxide and water vapour 
arc formed. These substances dissociate at very high tempera^ 
tures into free oxygen, carlwn monoxide, and hydrogen. The 
effect of temperature and the composition of the gas mixture on 
the dissociation of the cai'bon dioxide and the water-vapour is 
a first question of imijortance, which must l>e solved by means 
of tho mechanical theory of heat. The two reactions — 

2GO-f-O3§2C0a (1) 



and 



(2) 



(3) 



2Ha + Oa^2HsO . , . . 
are connected with one another by the relation — 

CO+HflO^COa-l-Rj . . . 

' ^n«o7« its Minea, viii. 13 (1888), 157. 

» Since tlie puWicntiou of the Gernian edition of thia hook, Ncmst Iihb 
civen Ilia views on tbis pmbJem. See iiis " Thetmodynftinics and Chemistry " 
(Clin*. Scrihtier's Sons, New York, 1907). An account of them will be fonud 
at the end of the Third Lecture, 



LATENT HEAT AND REACTION ENERGY 3 

We can decide ia wlucli itirectiou this so-called " water-giis 
reaction " will proceed at a given cuucentrati'.'n of lIib fuiir sub- 
staticeB in tlic gas luixLiii'e, and at a kiiuwii Itijjl] tempemturc, 
when the Jiss^ciatioii cjiidilinns reju'eseuted in (i) and (2) aro 
known. I)isai>ciaLion of tliis bind als'i pus&esses a great sijipiiifi- 
c&nce \ii tocUuical incngaiiic cliemistry. The reaction— 

2SOa+Os^2S03 (4) 

forms, as is well known, tlie foundatiun uf the modera method 
of sulphuric acid mauufactuxe. The two reactiima^ 

2HCl^C1a + H, (5) 

and 

2Ha'i52Ha + 0i (6) 

takoD together, ^ve us Dea&m's chlorine prcioess— 

2HaO-i-2C],§4HCl + Oj. ... (7) 

The possibility of making ammonia from its elements, and 
nitric oxide, and consequently nitric acid and the nitrates, 
fntm the air, is governed by the relaliunships given by the 
mechanical tlietjry of heat fur the reactiims— 

Ni+3Ha^2NH„ (8) 

and 

Na + Oa ^ 2N0 (9) 

The fundamental thermodynamic relationa which we will Tie 
Consider can be applied to the reactions of solids, licjiiida, and Jj'''', ■ 
gases. They are employed under tlie most varied forms, giu luw. 
especially for molten and dissolved substances. But they 
assume a particularly simple form for gaseous substances, becanae 
in these the pressure, tempemtiire, and volume are connected 
by a very simple relation, while in the case of molten or 
dissolved substances no simitar general relation conaecting 
these three quantities is known. This relation is — 

^M- = RT (10) 

where p =t pressure and r- = volume. ]f we consider a mol as 
the unit of mass, exporiuieut shows us that at a pressiu-e of one 
atmosphere (i.e. at 7G0 mm. Hg at sea-level and latitude 45°) 
this unit of mass occupies 22'412 litres at a temperatui^ of D°. 
Equation (10) requires that the temperature be reckoned in 
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degi'ees ou the absolute scale. The zero point of this scale is 
generally put at — 273^C. It is cc^ua] to minus the reciprocal 
value of the coofficient of expanaion oE'au ideal ga3 C-'?:i)- ^^^ 
coefficients of ordiuary gases are very slightly difi'L*reiit from this. 
}iy careful coraideration of the deviation from the behaviour 
of ideal yasea which ordinary gases show on compression and 
expansion it ia possible to find the coefficient of exj^ansion of 

ideal gases.' It atnounta to 0707770 The absolute zero there- 
fore is, strictly speaking, not at — 273°C., but 0-09*' lower.'' 
Tliia difference will lie too small to be consideted in our later 
calciilattons, but we must take account of it here, in order to 
determine Tt with all poaaible precision. We then get — 

This value of R h expressed iu litre x atmosphere units (litre- 
atmospheres). If we compute the volume in cubic ceutimetrea 
and the pressure in dynes p«?r square centimetres, it becomea — 

R=— =- 273^Qg =0-83155 X 10" abs. umts [ji°) 



Here 76 la the height in centimetres of a column of mercury 
which exerts a pressure of one atmosphere ; 13696 the weight in 
grama of a cubic centimetre Hg ; and therefore 76 X 1359G the 
weight of the mercury column which exerts a preaaiue of one 
atmosphere per square centimetre. Since Ihegram weight at sea- 
level and lat. 45° coiTcspouds to 980'C dynes, then 7U x 13'59G 
X 9806 is the ]iressure in absolute measure of au atmosphere 
on a unit of surface (1 sq. cm,); that in. the pressure on a 
piston 1 sq,. cm. in area working in a cylinder Dontaiuing 
1 mol (22,412 c.c.) of gas. 

For our pur^wsea it is m(]st convenient to measure E in heat 
units (gram caloriea). We therefoi-e need to know the value of 
a gram calorie in absolute units. 

' For the theory see Mach, "Prinzipien der Wftennelelire" (1900), 2iiJ 
edit., p. 309 {or Irariuls-tiou). 

* LtaiiJel Bcrtbelot, Z./. Electruehtmie, t. (1904), 021 j and Xemst, idem^ 
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This value dei^nds upou the temperature at wliicli It is 
duUirmine*!. Al preaeiit it is usual to define fl calorie as that 
HUantity of heijt whicli will warm 1 gram waUir from \'y' to IGV 
Tbe quantity of heat required to raiae 1 gram of water from 0"" to 
1" is greater than this by OOB p^r ceut. This somewhat larger 
zero-poiot coloria uaed to be (till about 1880) preferred. In its 
Btead Schallcr mid Wiirtha" substituted the quantity of ht^nt 
Decrasary to lioat 01 gram of water from 0" to 100". (OsLwald* 
took a hundred times this value as a unit and called it K,) 
This "mean calorie" is very nearly equal to the 15; calorie.* 
The mechanical equivalent of heat has beon set by the Committee 
on Units of the Dcutschen Bunseugesellschaft oa equal to 
4 1 SI) X W^T%? 

Wc ::ct from this — 



E = 



0-831 55 X 10« 
41-89 X 10« 



= l-98507(^'^^"^^-) 



TlioKna 
ponfltiint 
in lit'iil 
unib. 



We shall us« later, in our numerical calculations, the abbre- 
viated value 1'98. which is ver}' near the exact value of It 
computed on the hitsi.s of the W calorie, the aero-poiat calorie, 
and the mean calorie. 

The reactions (1) to (9) all proceed tilt they reach an equi- Eqniir 

librium. Indeed, the chanicteristie of the enuilibiium condition 'J"'"'^ "**** 
^ * ilnviiiir 

is that there the reaction will not of itself spontaneously progress r.*rcc«f*| 
in either the one or tlie other direction. That is, the drivinj^ tcAdion. 
force of a chemical reaction is zero at the equilibrium point. 
If we know the composition of the gas mixture at equilibrium 
for any given temperature, then for any other compogition of 
the gaJ5 mixture ac the same temperature the driving force of 
the reaction is given by the dvtiance froin the equilibrium potJiL 
We should at first he inclined to call the reactioa energy 

' Or more aecaralely from IS!" to IGi". Compare Wnrburg'a roporl on 
th« Unit of heat rvail buhn tlii» Nntiirrorscliervtfreuninilunif; in Muitieli {181Ji>, 
" Bericht Uber die VcHiftridlunj^cn," p. 62). 

' Lehrh. d, aUg. Vinnie, llj (LeipKig, 1^03), p, 72. 

* According loBvhn (Dmdc's Aiin^ 11) (ISOS), 653), the mean calorie is 
grealer by U1'3 per cent,, accorilin;^^ lo lilulcrici (I'f/rm., ji, 593), 0*2 per 
aai, grcitter, tlmn llie 16° caloric. Other flgares are ^'veii 1>y Plnnck 
(« Tliermoilyiiamik " (.L*ii>7.ia;, i\H)5). 2nd edit., i'. 31). 

* ZnticAr./. EUklrochemie, ix. (1901) Gm6. 
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tlie total work which a cliemica! reaction can tlo during ita 
whole courao. Tliia dtifmition, however;, is iinsmtable for 
theoretical treatmeut. 

Tlic flrivinff force of ii chemical reaction changes cnntinu- 
ously with the cliangiiii^ composition of the reacting mixtnie. 
The nearer we approach the equilibrium point where the ra- 
acLion stops,, the smaller does this driving force becomo. Wc take 
as units of transformation, the transforniation of such amounts 
fis api>ear in equations (1) to (9). Thus, in reaction (2), tlie 
change of one mol Oj, two inols H^, into two inols H^O is 
the unit of transformation. The reaction energy of every 
iuHiiitely small fraction dT, of this unit quantity is equal to 
the driving force A multiplied hy the quantity transformed, 
thatia A x tJx, To get the total energy of transformation, we 
muat find the sum of all the quantities A x d.t with the aid of 
the integral calculus, having first expressed A as a function of x. 
Such an expression would be awkward and involved. It is 
therefore better to consider the quantity of gas so great that 
the transformation of a unit quantity woulil have no appreci- 
able eflect on the composition of the nitxture, and consequently 
cause no appreciable change in its driving force. We then get 
for the product of the driving force into the unit quantity 
transformed (that is, one mol) the value A x 1 = A, and con- 
sider this as the reaction energy. The value A of the reaction 
energy, therefore, characterizes only a single tiny phase in the 
progress of the reaction, duiing which the composition remsins 
constant It shows us, however, how far we are from the end 
of ihe reaction or the equilibrium point where A = zero, and 
this is the important tiling. 

The reaction energy A may be expressed in any units of 
energy which suit onr convenience. In what follows, we shall 
always measure it in gram calories, talcing for practical reasons 
as far as possible the 15' calorie as our unit of bent. However, 
the older data are often expressed witliout any precise defioition 
of the calorie used, and the posaihilily even of a sure recalculation 
ia not always afforded by the data given. The smallness of the 
difference between the mean, the zero and the lo* calorie makes 
this uncertainly less trout ilesome. 

Considering tbe conipoaition of the gas as invaritildc during 
the reaction, we are at lil«rty to express thig com^iosition either 
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in concentrations — tliat is, in number of mols per unit ofnut?] 
vuluuie (litres) — or in partial pressures. The choice has 11 two- "^ 
fold iraportance. If, for iiistauce, we paas from condiliong 
at one toniporatorc to those at another, consideriDg the com- 
positiou OS the same in both cases, it makoa a differeaco 
whetlier m'b express the cifuijiosition in conceutrations or in 
partial iiressures. In the first caao the caucentrations rcranin 
consLantj and therefore, loOj the vnluoie of the gas mixture, It 
follows that, on. heating, the pressure of the gas mixture will 
increase. In the second case, however, the partial pressures, and 
conaequently their sura, the total pressure, remain conaUint, and 
the volume will therefore be increased. We deem it simpler to 
take the concentrations as the determining factors of the com- 
position, and then to consider what small changes wo must make 
in the fonuulBB we develop, in order to use partial jiressures in 
their stead. There is also a second point of view. H we con- 
sider reactions in which a change in the number of molecules 
takes place, such as the formation of water or of ammonia from 
the elements, we find that it makes a difference whether wo 
postulate a constant volume or a constant pre8sure, even when 
wo restrict onrselves to the consideration of reactions at ono 
tem[>eratiire. If we denote the numbers of molecules liy 
k', v'\ v" . . . , considering the number of molecules of dia- 
appeariug substances as negative, we have, for instance— 

2Ha + 0.^ = SHsU 
ir'= -% v" = -1. y"'= +2. and :£».'= -1 

Ni + 3Hi = 2NH3 
v' = -1. k" = -3, v'" = +2, and Si-' = -2 



then at const^mt pressure the volume increases during the 
reactioa by Si'' X v (where d = volume of a gram molecule).* 
Estemal work is therefore done on the atmosphoi'e which at a 
constant eiternal pressure, ^. amounts to {^v')}iv. At constant 
Volume this expenditure of work do<;3 not occur, "We shall sm 
later that this expenditure of work may be eliminated from our 
formulae, and consequently does not interest us. At the start 

^ Iti both cximplca (lio cliangi! of volume [a, of course, negative. 
* In botli cxtunples tho work dono la negative. Tbo gu taixtore theu 
bu work vsp«nd«cl upon it. 
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wo eliall iimke ita consideration unnecessary by deluiing llie 
cciiii]Kj3iLi(jU3 by concentrations expressed in niols per litre, 
and alwiiys adhering strictly to the rule (kal hi ercri/ chnngr. 
wk'ich wc niay consider the. volume shall remain constant 

The position of the equilibrium ia dependent upnii the 
tcnipenititre. A mixture of gaaea which is in equilibrium at 
one temperature will not in ffeaeral be so at another tempera- 
ture. The quantity A which measures the distance fmm 
equilibrium would have no definite meaning if we allowed the 
totnporaturo to change in a gas niixtui-e during the I'eaction 
pha$e we were considering when thei-e was d" perceptible 
change in composition. If, in a reaction such as the forniation, 
of water from a mixture of oxygen and hydrogen gas, we imagine 
that the process is resolved into an infinite number of very 
small stages, then the composition and the temperature too 
would remain conattuit in each sepamte stage, because only an. 
iufinitely small amount of gas would ho transformed, and consc- 
quyntly only an infinitely small amount of heat liberated, so 
that the temperature would not perceptibly change throughout 
the whole ma-ss of the gas. If, again, we consider the quantity 
of the gas mixture so great that the transformation of a mol 
produces no appreciabte change in the comjtosition, where con- 
sequently the value dx can 1« taken as equal to 1, we also have 
a condition in which the heat evolved in the ti-ansfonnatiou 
of & mol becomes vanishingly small, for tlie reaction heat is 
disLHbuted over the wluOe mass of gas. The reaction energy A 
then, apjtlies oiity when Vie cvmposUion and IcvipeTature of the 
reacting gas mixture remain constant. 

If we compare the coTiditions under wliich the itNictii-'n 
energy A, as defined, la to lie detennined, with tliose con- 
ditions recognized in thermocliemiatiy under which the reaction 
heat is determined, we are eonfix^nted with an important 
diflei-cuee, In the case of the i-eaction heat, we make sui-e that 
the reacting aubstances shall be at the same or nearly the same 
tctui>erature at the end as at the Ijeginning of the reaction.' 



' Two ]itiLi*-inleB find genom) njiplitmion in aloriniclry of ga& reractions. 
Acci^rdiiig lo oiu>, tlip rcftctiati js made tn lake place in a wtsse] siirruiinJMl 
by a Urge bi-jit rcEervoir. usually a Avater^botb of knowH hent CB]'Wicity,pnd the 
rioo Df IflmpcnUnrc in this, BcMori] amounting to niorc than a few tlegretfs, is 
niCASurcd. Wifb ■experience shows tliat reBcliwibealcbangeBlmlBligliLly with 




it doee not matter ir some time duriug the reactioji the 
reacting mistui-o ifi lieiited teniiwrnrily to a liig'liier teiiij»erfttnro, 
for, accordiwg to fmitlameiitiil |triiiL-iples, tbe heat evolved is only 
dependeut on tlie iuitial and final stages, and in the coso that Iho 
initial and final temj>urature9 arc identical, it amnunts to tlio 
same in the end as if the temperature- had remained coiii^l-ant 
all the while during the reaction. Changes in comiJOsiLion 
during the reaction aiis jNerrnissible in the detenninalion of 
tbr reaction lieat, but not in tbe ineasurument of reaction 
energy. From the experimental standpoint^ tbe reaction beat 
when a very small quantity, dx, was transformed wuld not l>o 
actually determined, because it would Iw so Bmall. The fact 
that the reaction heat, esfiecially in the case of gases, is inde- 
pendent of the wm|>ositii'n of tlic reacting mixture is decisive 
evidence that wo can here neglect entirely the effuct of changing 
compoaition. The reaction energy of the combustion of an 
oxygen -hydrogen mixtnre changes when we dilute the gas 
iimture with nitrogen, while the reactLun heat remains 
unchanged. 

Let us consider a reaction at constant temperature and UcnglicHi 
comitoaitioni in which neither mechanical nor electrical work is jlipj,^^, 
done, 80 that the heat evolved is a measure of the total energy -if Hn 
change uf the pfoce^s. Since heat la liberated, the total eneigy ^^"^^^^ 
of the reacting substances evidently decreases. If tlie reaction 
heat, which we measure in the calorimeter, is independent uf 
the compioitioii of the reacting mixture, then it reprcscntg 
vithont any further coiTcction the decrease in the total eneit^. 
(With dissolved substances we must teat this independence from 
case to case. This is easy to do, by simply testing in, succession 
each substance taking part in the reaction to see whether a 



the temperature. If, then, tbe tenipcratiirc of llie wiler-liolLler is raised from 
10* to 20^ by the reaction, lh«ro Jb no objecUon lo aBanniiiig Iliat the observed 
Tftluc Cofresponds with all desired acciirncv Co tliat which. WoiiLd be obtained 
had the cuEorinietcr a hnaX capacity n tbgiisund times s& ^Tcat, and the 
iqitia] wid fimi! tempeiature bad been IlillUS" and li'WS" respectively. We 
b&ve, therefore^ measurGd the reaction bunt for the reaction taking place 
tscithBrmAlIy at 15°. The gecond princij)!* bns been embodied hy Jniikeni 
(Diieb, Joaraai fiir OaalmL u. WaMrrivricrffn-rtg, 18V.H, p, Bl ; ilnlicr, iJem., 
J8&7, p, 751) in a calorimeter wJiicb is very Convenient for the technicul 
Study of gases. Here the renelian proditcla nre cooled to exactly the initial 
teuipernlure by flowing water, on the principle of couuter-cuirents. 
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cliango in its concentration causes an absorption or evolution of 
lieat. ir nri sucli heat ehango takes plac* with auy of tlie sut)- 
Btancee, t]ii3 reaction heat is imlepetidctit uf the coinpositltin. If 
8\\ch " lieats of dilution " da appear, we have to deterroine to 
what extent tliey compensate one anotlier. In tlic cage of gases, 
tlie heats of dilution are very small, and for uxir purposes 
ne^li^Kble,) Tho heat change corresponding to a unit amount 
transformed, as above defined, is called in therm ocliemistry the 
beat of reaction, or the reaction heat (Wdrmct('mu?iff). For tins 
thei-mocheniical quantity we shall fix)m now on use tbc symbol Q. 
For the dcci-eiiiont wliich the total energy undergnes wJiL^n unit 
quantity i^ trauslormed at constant composition, we shall, aoc*ird- 
ing to the usual nomenclatiire, write the symbol U. The 
difference in the syiinboU will remind us that x>iiUiog Q for U 
always involves the asBumptio]i that the change of the per- 
ccntngo composition does not alter the reaction heat. 

We estimate the driving force of a reacliun in ayntheUcnl 
cliomistry by a sort of scientific instinct. We a|WQk of slninger 
and weaker chemical reagents witliout measuring tltis strength 
in any s|>ecific unit,?, 

In natural science we usually menaure ftireea by opi^Kjain^ 
them with other known forc&s. Wiienover tlie opposing force is 
iif the same nature as the force to I>G mca'sureil. this mellioil nf 
delermination is easily comprehensible, But while we can easily 
measure mechanical forces by the use of a balance and weights, 
and electrical forces by means of compensating and opposing 
electrical forces, it is not jwiBsible for us to measure the driving 
force in chemical reactions with opposing forces of a chemical 
nnture. We must therefom make use nf dissimilar forces -whoso 
connection with the chemical forces is not aelf-evident, and con- 
sequently not 80 easy for us to comprehend. Such unlike forces 
can be cither of a mechanical or an electrical natura Mechanical 
opposing forces cannot be employed unless the reaction is 
aceompauied by a change of volume.* For only in such cases 



1 Consiclercil more exactly, n[i]WBeil ineclioni^fal forces are not at al] 
appKcnMc tu Ihe niC4Enremt'nt of tlie renetioii energy of iileal gasee, bill only 
to the dctertninntioti of tlie cqui]ikriiini |iuiitt tiiidcr various preKai>r«R. A gss 
renctiun mtiy Im imagiiLe<3 lo tnkc jilacij! isollionnically in e. venscl with a 
movftble iiistoti. ami thti oppoBing pressure whicl* at every iiiHlAnt it con 
compGiiKHte nmy be Oeternimetl. If the veftscl and the contained masG. of gas 
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are reactions influenced hy a chanj^e of pressure. Opixismg 
forces of an clcctriciil nntiirc can lie M*ell omplf>yed hi many gas 
reaol.ii->ns. For in.^tancc, tlie fLunialion of waWr-vjqMHir i'rom 
■nxygen and hytln^gen, or of liydrochlorie acid gaa from chlorine 
aud bydrojien, can Ix? io curried on \i{(\\ ihs aid of heated glasa ^ 
as elecinjlyte in the first case, or with fairly stmng hydiv>chloric 
acid in the second case, tbat they will generate elcctvical energy. 
Arrangements which make tliia jKissible are called gas elements. 
The counter electromotive force which we imiat apply in oi-der to 
just com|»etisatc the electvotnotive force of such a gaa element is 
identical with the driving force of the chemical reaction taking 
place in the gas element. "With moat gag reactions, however, thia 
procedure \a impossible. Usually the only remaining alternative 
is to find hy chemical methods at what comj>osition of the gas 
inixture the reaction tomes to a halt, regardless of the direction 
from which the equilibrium ia reached. We then know that at 
this comjiosition the driving force of tlie reaction is zero, and we 
may colcidate its value at other compositions by means of well- 
known laws with which we shall shortly become acquainted. 

If on the one hand we determine the reaction enei^y in The iittcnt 
the manner just described, and on the other the decrease of j^gjj^m^ 
the total energy, then of course these two quantities might 
accidentally be equal, In general, however, these quantities 
have different values. The difference is most striking If we 
c«rti9ider the last of the successive phases of the i-caction— 
tliat is, the one at which the distance from the equilibrium, 
and consequently the driving force, is \-atjishiDgly small. The 
decrease of the total eaeiigy TJ is here just as lai^e as ever. 
This decrease, however, can only give us heat, for the driving 



is BO lar^e thai the comjiosition ih not allareil \>y change of unit quantity, then 
iho opposed force just compeiisateil during thi« cliange remuins constatit. 
Tben, lidwev cr, Iho work which k (lon(< ngaiciGt the opposing force ie for every 
ncwijr formed giUTnol =pv,anA quite independent of tlicnat!ur>c of tiie reaction 
bbd of tfat Tftlufr of tht OppOging fuico, f.e. of the ralnfi of tlie preasnre p. If 
we change tlie composition of |fie gaa mass, ami conflCqueutly its TQnction 
pticTgy,tlie pressure p beeoniea liiflerent ; the work j)i>, however, la tlic Bamo. 
This lueaDS llmt the experiiRGnt uuly givea the position of the ciiuiiibriimi 
point at the juressiire j>. 

' Till rerenliy, it has lietii assliiiicd that water Containing acid or alkali 
conM BcrTB lliis pnrj>w4?. However thiK fio-ca)l?d " (.iTOveV element " liafl 
been proved to be inconrect, ns will be seen in the V\^ Lecture. 
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foice of the reacLiou is gone, and with it tlm jKissibility of 
gonorating electrical energy. If, in tho clement JHst mentioned, 
where Itydn.igeii and cUloriuf combine tofyrm hydnwhlorrc acid, 
wo choose such a cuuwutration of cUbriiie, liydrogen, and Iiydin- 
cMoric acid gas that the system U infinitely near the eqnilihrinm 
jMjiiit, then the electri-itnutive force is infinitely small, itlthough 
thy roaotiou heat (ccirruspondin^ to tlie fomiation of twii mola of 
HCl) lias now, just as before, the high value t»r 44,000 cnla. liy 
chooaing various relativo concentrations, we aiv enabled to give 
all possible values to the diflei"ence between the reaction energy 
A ami the reaction heat Q. Fiu-ther, at given cuncetitvations, 
this difference is dci>endent on the temijerature we choose. 
Evyry isothermal clieoiical reaction which proceeds with the 
pimhictiou of the maximum amount A of work, is connected, 
according to tenjperature and to the concentralii'n, with tho 
api)eflrd.nce and disappc-arance of definite qnanlities of sensible 
heat. The whole application of thei'iuodynaniica to chemical 
processes hingea on this point. The development of chemiatry 
is i-esponsible fur tha fact that this connection never occurs to 
lis hi the case of rirdinary chemical reactions, wliile it appears 
as wholly self-evident in the very closely related phenomena of 
cliaiigc in the state of aggregation. In chemical reactions We 
are always inclined to asauuie that the reaction energy (which 
we measure by the amouut i.'f work which the process can 
do, as above ect forth), ie equal to the tolal energy change 
which We measure Iq the caloriiueter. On the other baud, 
ifi tho case of a simple change in the state of aggregation, 
we consider the very reverse d^ self-evident. In principle, 
there is absolutely no differenco between the two classes of 
phenomena, 

I^t us imagine a Urge vessel, closed by a naovablc piston, 

containing water at a temperature of IfO*. There is water- 

chftngo in vapour above the water, and this, acting against the inside 

aggrcgii- surface of the movable piston, is in equilibrium with the external 

tion, atmosphei'ic pressure. An increase of this external pressure 

causes the piston to sink and the water-vapour to condense. If 

we lessen the pressure, water will be converted into steam, and 

the piston will me iudefiiiitely, provided only that there be a 

sufficient quantity of water present. In both the former and the 

latter case it is assumed that provision has been made for the 



CVlTO- 

with a 



LATENT HEAT AND ffFACTTOy E.VFNGV 13 

abetractioii or iatroducLiou of heat In sucli quaulitiQS that the 
temperature is kept con&taot at 100''. When a mol of water 
vapour condenses, an e^^ti'aordiaarj' q^uautity of heat, amounting 
to 9650 gram-cal., is set free. When a mol of water-vapour is 
formed from liquid water, the same quantity of heat is absorbed. 
Tlie fact that in the formation of the watcr-vapour a small 
amoaat of work (pv for one mol, i.e. 746 cal. at 100° C.) is done 
by the piston rising against the pressure of the atmosphere is 
unimportant, for thi^ amount i£ nej^ligible in comparison with 
the 9650 cal. Overlooking, then, this small quantity, we must 
admit that the heat of vaporization corresponds exactly to the 
total enei^y change in a chemical reaction taking place at, or 
very near, tlie equilibrium, which gives no work. When a 
change of state takes place at coii!)tant temperature, and sensible 
heat is absorbed or evolved, we say in everyday phraseology, 
according to the direction of the change, that in vaporization heat 
becomes latent, and in condensation heat reappears out of the 
latent condition. In the same st^tise, we can, with Helinboltz,^ 
speak of the latent heat of a chemical reaction, meaning thereby 
the difference between the maximimi electrical or mechanical 
■work A which we can get as the reaction progi-esses at constant 
temperature and constant composition, and the accompanying 
decrease in total energy, U. The latent heat of a chemical 
reaction, then, is that amount of sensible heat which appears or 
diaaii|>eara when we cause the pmcess to proceed furnishing, the 
largest possible yield of electrical or uieclianical energy, On 
tlie other hand, it should he recalled that the decrease of total 
energy is equal to the heat whicit is evolved when we allow no 
electrical or mechanical work to be done. Both quantitiea are 
equal wlien the transformation is incapable of doing work (that 
is, in the case of chemical equilibnura). Otherwise they differ 
by the value of the reaction energy (work obtsiinable) of the 
reaction. This gives us the expression — 

A-U= -g (11) 

Here we use —g to designate the heat which is used up. or^ in 
otter words, "becomes latent."' 

' Vorksungen, vol, vl " Tbeone <ler WUnae " (ediUd by llicliarz), p. 28(3 
(Leipzig, 1903). 

' Id these lectnrcs^ lieat or work tnkcn up by tlie reacting sysCeoi io 
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Accoi-diug to another luode of expression, likewise originat- 
ing from Hebnholtz, A is called the decrease in free energy, j 
the decrease iu bound eQergj."^ 

Just aa the latent heat of vaporization of water cbanf,'es with 
the temperature, so the latent beat of a chemical reaction i? also 
dependent on the temperature. The fact that the latent heat of 
a chemical reaction is also dependent on the composition of the 
reacting mixture is the only point of tUssimilarity. A change in 
composition is evidently impossible in the case of a mere change 
of state of a simple substance. 

We are ahlo in some cases to directly measiire the latent 
heat of reaction iu a caluii meter. We can, for instance, allow 
tijo Uiten-t the reaction to take place ld a galvanic cell immersed in a 
heat. calorimeter, and put the resistances in which we convert its 
electrical enei^ into heat in a second calorimeter. We can con- 
nect the cell with the resistances by means of thick wires almost 
devoid ofresistance, so that no appreciable electrical enei-gy shall 
be converted by Uiem into heat, Wiien theelement acts, we obtain 
au evolution uf heat in the first calorimeter which represents the - 
quantity y. Wo must, however, make a small correction for the 
heating eflect of the current in the cell itself, this correction 
being cadly calculated from the reaiatauce of the cell and the 
current which |«Hseg through it. In the second calorimeter, nu 
the iither hand^ we measure the reaction energy A iu heat units. 
If we place Ixith cell and circuit iu a single calorimeter, instead 
of in separate one.s, the generation of heat is the same aa though 
we let the reaction take place in the calorimeter without 
electrical assistance. It corresponds, therefore, to the value of 
Q or U. Jahn^ has, imleed, canied out ex[>eriments of this 
kind with success. Gas reactions were not chosen as examples 
in these experiments. But so far as the principle ia concerned, 



considered negative, Lent gives oB*, or work dooe by the re&ctiug system, la 
icotisidefed positive, Accordingto (ll) — 

that is, tbo ^Jocrease, U, iq tho total energy x& equal to tlto work ilutie, A, plus 
line heat evulvGil, q. 

^ fUttri-nynbi-richte Berlmer Aka<i> (l8S2)j I, p. '22; and Oatwuld's 
KiiMiket, No. 124, pdit*d by Pknck. 

^ "Griindr, d. ElektrocJiemie " (,VrenTi«, L895), p. 180 ; Z. pAy*. C'Afm., 
18 (1895), 3&9. 



there is notliing in tlie way af carrying nnt an expetijaent of this 
kiad with tjas reactions; i!iei\jrmaiionof liydrocliloric acid from 
hydrogen and chlorine^ fbrrnataiice. Fur tins pmiwse wc should 
have Uj pass hydrogen niid uhlfliino in at the electrodes of a 
suitable cell, and thou remove gaseous hydrachloiic acid fruui its 
concentiated aolution, which forms the electrolyte, as fast as it 
was formed, so that the cell would lose as iiiuch hydrochloric 
acid by evaporation aa it gaiued from the utiion of the gaseous 
elements of the electrodes. The result would be an isothermal 
formation of hydrochloric acid with tho prodnction of electrical 
energy, which in tnni would revert to heat in the second 
calorimeter, and would be nieasured as such. The more com- 
pletely we were able t<i avoid disturbances — such, for instance, 
as the polarization of the electrodes— ao much nearer would 
the actual voltage of our cell approach its true electromotive 
force. But the electro mutive force is equal tti the driving force 
of the chemical reaction taking place. In the limiting case, 
where our electi^odea are "unpolaiizable and our cell is of 
vanishingly small internal I'csistance, the electrical energy given 
oil' is equal to the reaction energy. If chlorine aud hydrogen at 
atmoapheiic pressure be taken, the temperature kept at 30° C, 
aud if the vapour pressure of the hyJrnchloric acid over its 12J 
normal aolution acting as electrulyto has the value correapoud- 
iog to this temperature, tlien A, according to Dolezalek'a^ 
determinatiou, equals, for the formation of one raol hydroclJortc 
acid gas, +22,509 gram-eah Tiie heat change observed in the 
first calorimeter, or q, then amounts to —509 cat. The sum 
A+5, that is 22,000, represents tlie well-known heat of forma- 
tion of one mol of hydrufhiuric acid gas. 

The use of more dilute hydrogen or chlorine or a higher ten- 
sion of hydrochloric acid above the solution, which would result, 
for instance, from the use of a hotter electrolyte, causes A to 
sink in value and q to rise. On the other hand, a higher pres- 
sure of the gaseous factors and a lower pressure of the resultant 
hydrochloric acid gas causes A to rise and q to fall. The sum 
A + y, however, ia always equal to the reaction beat, which is 
not perceptibly aflected by these changes. 

Our problem, then, ia to determine the connection between Lntoni 
the latent heat q and the temperature and composition of a J"'*'' ^■''*' 
1 Z./.phgaik. Chemi'e,-25 (l&SSJ, 334. *»>***■ 
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|^lti^<iu cooneetMl witk tih^ temp»iiiini^ tni. «« will Jb Ibis 

Ufc 1^ u viv* (ft' Um woatKirfOii bwbweta taMae 

MJk* ^ ttiHfliMt yot ai Mi ««• vtM* bwt WvooMa UtenI and 
wwk M aiitti^teiMoualy sKmi«, aikt fiwl out what oooneoiioD 
oblii&iu tN»t««Mi U* fatttnl be«t and the tcuiperature. The 
momhI st^jt tiOufati staply ttt sboving that the same relaUon 
ttitltU iti till oMaO) beeaitae it is inhi^reiit in the nature of lieat 

1^ C'htuigo in sUlonf ag^gatioD is not,asoae might think, the 

Minptost cue in which latent heat and work occur together, for 

^rruMit. hwv Iho two stall's have different total energies. But the simple 
px^iaiisiDU of a gaSf where,, according to experiments of Gay 
T,n«Nai\* till) total energy does not change, answem our requira- 
lUttnLs. The total energy of a given maas of gas is maJe up of ita 
oheiiiiiijil anti heat energy. It is. clear that aa long as the gas 
dtna not chaii^jo clieniically, its ehemioal enei^y remains constant. 
Tlu« fundaiiipntal oxperiments of Gay Liisaac have bIiowh that 
(lu' livtit entTgy is not atl*re J by cbaDging the volume of Ihtj gaa, 
]jrovitleil no work ia done. To prove this, he connected a large 
vessel (I.) full of gns by means of a stopcock with an evacuated 
voBsel (11 ). When he opened tlie cock, the gaa rushed over into 
the evacuated vessel. Expansion took place in vessel I., and 
tlie gas heuanie colder, aa it had to compreag the first j^Ktrtion 
of the gas that had rushed over. On the other hand, the 
teiiiperature in vessel No. IL rose, because these first portions 
of gas were compressed tiy the following portions. After the 
jun^asure of the gas had become equalized, llic half of the gas 
in the iirat vessel was cooler than the initial temperature by 
the Hiuiu) amount that the other half in the second vessel was 
wiu'inor. Theiufuro the mean temperature ut the whole mass of 
^tia liiul not rliunged, as it must have done had the thermal 
uui'rgy of ihi- gas changed and heat bean absorbed or set free. 
Thu tJiiy Luasacoxperimeut^ was greatly refined by Joule and 



' MbcJi. "Pfliwiviou Aot Warmek-lire," 2i»d edit. (1900), p|>. 198 and 
910 1 itliiu III tito KukIIhIi IritiisJution, 

* All llliiuiliialliiK chtioitin ot tliis exp«ritueut qrid later ones by Qaj- 
Liiwuiu till tliu lUiuu Hulijiu't Li lo bo found in .iu artkle l>y Rfgnniilr, 
Jt/vmoViii \ir fittittUntit, 'i(> (IHJiS), 11, Compare altio ttio Sixth LecCiiic 



LATENT HEAT AXD REACT/OX EXERGV 



"7 



Thomson.* Tbej forced a constant stream of a compressed gaa 
throngh a piece of boxwood, enclosed in a tube impermealile to 
heat. The pressure in front of the boswood plug was P; behind 
it, p ; that is, the gas expanded from a higlier to a lower pressure. 
"Mo heat was absorbed or giveu off during tie process, and no 
work was done ; therefore, had the total euer^ of the j,'as remained 
unchanged during the expansion, the temperaturo must have been 
the same behind as it was in front of the plug. The experiments 
showed that this was not strictly the case, although the more 
nearly the gas used adliered to the lawa for an ideal gns, tlie 
smaller was the change in temperature on passing through the 
plug. \Ve may therefore say with all rigour that the total 
energy of an ideal gas is independent of the tempcmturc, but 
that with actual gases there are small deviations from tiiia rule, 
especially at low temjtcratures.^ Yet for our purposes the 
deviations are entirely negligible. 

If we now let a gas expand and do work^ keeping the laothcnmi! 
temperature constant^ we find that heat becomes latent, "i'-'""""' 
Eemembering that the total energy of the gaa does not change 
with changing volume, we conclude that the heat which 
becomes latent, that is, was used up, is tlie equivalent of the 
work done. To conclude otherwise would be eiiuivalenl to 
saying that energy had either vanished into nothing or had 
been created out of nothing, and that the principle of the con- 
eervation of energy had been violated. Now we can easily 
determine the amount of the work done. When a gas expands 
at the pressure p by the infinitely small volume dv, an inilmtely 
amall amouut of work • is done, and — 

dX=^v (12) 

KT 
If, making use of equation (10), we replace p by — , we have — 



rfA=^^=ltT.«,.. 



(13) 



' Pm. Tmnt. Hotf. Soc. Ltmd,, 1853, 357 ; 1854, 3^1 ; 1862, 579. 

* These deviatioiis liave the greatest iol«rest in otlior contioctiona. In 
the first [ilacc, Linde'a bwiiatiral nictlioJ for t!ic litiucfaction of Uiooir cle|)eiid» 
upon them. In tLo Gecoad place, n atnAy a( the^ deviations is tLu orJy 
meADa at oiir i!isposaS for accurat&-ly determining tho .ibsolute eei'O of 
tempera I lire, of whicL we spoko at thij beginoing af (liis lecture. 

' Wurk = force x distauco ; fuivo = pressure x iirea ; ralume = area 
X dietance. 

C 
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The continuation of the isolLermal expansion which fiiraishes 
the work represents the snra of all these infitiitely small 
quantities HTdlnv. If the initial volume be i* and the 
final rolame d', we can easily find this sum by means of the 
integral calculus {In signifying natural logarithm) thus — 



A = UTrrf/nB = RT/n.^' . . . (1\) 



lEememberiiig that here the work done la identical with the 
heat which becomoa latent, we get — 



A = MTln- = -V 



(15) 



Tliis important formula docs not by any means say that the 

work A must always 1x3 done when a gas expands iaothcnnally 

from the smaller volume « to the larger volume v'. We: only 

need to call the Gay Lussac eKperinient to mind in order to see 

that the tenn A can become equal to zero. Every possible 

v' 
value of A between zero and VJLhi. ia not only conceivable, but 

attainable. The value UTln - is, however, a maxiiuum one. 

If we try to bring the gaa back isothermnlly from the greater 
volume v' to the initial volume u, we need to expend 
moTO or less work depending on the efficiency of our com- 
pression machine. But here again the minimum value of the 
work r&iuired is A. The maximum production of work is 
therefore that which accompanies a process taking plare 
revorstbly. It representa tlie ideal limiting case of actual work 
production which only a frictiouleaa compresaion machine could 
Toalizc, and then only when wo took care that the acting and 
opposing presauru never diflfered by a finite amount at any 
instnnt of tlio proceaa. Let us consider the same process to be 
carried out, at a temperature higher by an infinitely amoller 
amount, in such a way that the initial and final volumes oro 
thj auiiiQ ; then — 

A + dA^ IJ(T + rfT)/,/'' = -(5 + dq) . (lli) 



Subtracting (15) from (1(1) — 

dA = lUTl'iL- 



V 



(17) 




On the other hand^ we get from (15), dividing through l»y T- 
It fallows from this that — 
or, differently expressed — 



Equation (20) gives iis an. expreBsion in which the lateut heat is 
equated to the product of the absolute temperatuiu and the 
" temperature coefBcicut." Thla temperature coefficient re- 
presents the increment of work which we fjain when we carry 
out the above process at a temperature higher by an ialiuitely 
small amount dT, divided by t!iis temperature differeuce. 

It now remaios for us to show that this relationship is not Gonnml 
conditioned by the properties of the gas, but is inherent in thu ^fj^'^.'^^f 
nature of heat and work ; tlmt it applies to all latent heata so cH|iiiirjim 
long as we restrict ourselves to iaothermal processes yielding ^ ^' • 
the maximum amount of work. To tliia end we will represent 
did^ramatically in Fig. 1 the procedure we have just earrieil 
through with a gas. We will assume that the perpendicularly 
aliaded area represents work M'hich wo gain when we let a mol of 
Ijas expand from f to v' at a temperature T + dT, and starting at 
the pressure jj + dp. Then Let us consider that the temperature 
is decreased to T by the abstraction of an infinitely small quantity 
of bent dq, and that the process is now made to go in the reverse 
direction with an expenditure of work represented by the 
obliquely shaded area. Kaising the temperature by the amount 
rfT brings us back to the starting-point. The heat used up at 
T + rfT we get back at T. The infinitely small amounts of 
heat absorbed and given off in the process of heating and 
cooling cancel There remains only the infioitely small quantity 
of work dA, resulting from the falling of the heat 5 through the 
temperature interval dT. This Is represented in the diagram 
by the narrow band containing only vertical shading. Now let 
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U8 imagine the same process carried out, not with a gas, but 
■with any desiied system. Our sole condition is that the 
process shall produce the maximum amount of work, and that 
thereby the heat q shall be abaorbed (become latent). Any 
deaired changes of the total energy are permiasible. Nor does 
the work doae need to lie mechanical, it may be electrical. 
Here, too, the fioal result is that everything returns to its 
original condition except that q has fallen in temperature by 
the amount dH. If in this second case a difforeut yield of 
work were obtained, it would he possible to construct a 
perpetual-motion machine. If, lor example, the work yielded 
by the second system were greater, then we should first execute 
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the cycle with it and obtain the work dk. We should then 
repeat the cycle in the reverse direction witli the first system, 
and thus raise q back to its original tempemture T + r/1', with 
a net expenditure of work less than i^A. The result would be 
that a certain amount of work would remain over without the 
temperature, or any other property of the substanues concerned, 
having in any way cbaaged. We should therefore have created 
work out of nothing.^ It follows from this that the relation (30) 

' The fact tliat rormulu 20 applies not only to gaseoue prcwestien, but iiTao 
to all proMSSCB in wbicb lieat unrl work are couplfld together, constitutes tbc 
so-called Stfcotid Inw of tliertno'lynatnicH, This second kw canoot Ih3 
deduced from Iho first Inw (ctmservation of energy) ahnf, tliougli it may 
Beom to hftve been done sg iij tlie abo?e proof. Indeed, thore is au asautnp- 
tion concealed in ili« d'cdiiotion, ivbich {inn nothin;i; to do with the law of 
conecrvatiun of >oncr^y. Tliis assumption, v\'hi€li will ha m<}T<3 ftilly enlarged 
upon later, b that the temperature is always reukuncd from the absolute zero 
puiibt. 

ir Llie ijinintity of Ijeat tj falls in tempeminre by ttT, ae explained iu the 
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appliea to all systeins, provided tlie change takes place aL 
coD^tant temperatiiro and with the production of the maximum 
amount of work. This permits ua to substitute cniuatiou (20) 
in our fundamental ecLuation (11), and to write — 

•^^ .... (21) 



A-U = T 



fr 



dk 



"We can make a slight change in the methixl of writing tliis ^, fg iha 
eq^uation, which will serve to remind ua that the heating end imrtiai 
cooling through aTT is always coasiilered aa taking place at *^^J[''^f '^ 
cmstant volume, This assLimptinn of constant volume was with n- 
tnode in the derivation of tiie expression, and is of importance, 'P"' '* " 
because it obviates any work heing done by the heatuig or 

textj a part (Jj of it is Dscil up .lud eoiivcrtol into work. Tliis (luaiitity of 
beat w the aame m processes I. fliid II., since tlio values j, T, and rfT are in 
boli processes eqiinl by suppoaition, 4nil are connected l>y the eipreawon^ 

i; ; <Jj = T : r/T («) 

Tliia etpreaBioii apptieK, ne MacFi Ijbe tltnrniiglilT •lemonstniteil, to all fomio 
of energy. In evE'ry case where a <-)uanlity of energy c at a coriatant raliic i 
of iia " Inteaftit]^ ^tot " cliangea it« form, th« cipresgion— 

ciHc ^ i : di (6) 

holds good. Xov, according to the Eirst Uw, wo have — 

-dA = dq 

From Has formnlft 20 ol>vioiiBly followe witliouC any conmdemtion lieing given 
to tlie Ap6Cial properties of heal. 

With all other forms of enei^ i' may b4 reckoned from any arLitrary 
Kero point, whik with beut it is oidy possible from tlic abeohit^ neru . 

point, if the expression a \s to a^tgo witli expeninentnl evidence. If wo 
change the zoro puint from whicli i is reckoiio-l iti Esjiiatiori h.ilc will hocomo 
(lilfcrceit, though <r iinJ di remaii! tha same. If it h only flllawaWc to reckon 
T from thd ahsohcte zero point, rli/ will nlwava li^ive an unchaiigeil value for 
same vfLhi«s of ^ am] iTT, An iiidireot prouf of tliis Qiet is generally con- 
Bidered necessary. Si)p[>D«e in processes I. nml U, dq 1ms tho diflerftivt 
Tttluee </./' and d'}'\ then the corresp^JTiding work must he dX' and dA.". 
If now procei'soB I. and tl, are comhineil, so that one nlwnye tftkoa 
pince furwnrcls and tho other bnckwardH, any amount of htiat we please 
may be chatigeJ into work withumt anything eJse niidcrg'niTig pormanent 
change, Th« impossibility of this, wliin;h will bo ciiJarged upon m the Third 
Leclnre, is iho result of Kenenil cxperioiict.-. Tlinn, dq' and ti-j" mnat he 
nlwavH eqnal, Since, howflVGrf from ihcse inilirect proofs notliitig more than 
llie necessity of reckonin;; T from - 273* 0. la proved, it seems sinipler to 
utart lit-re liruin lliis assumption, anil Inter lo oxplnin its imparlnm^e more fully. 
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cooling tlimugh tlie intcnal >n which could disturb the balance 
of heat and work in the cycle. Tlmt is, we can simply use 

the notati'jn ('jL) f"f tlie temperature coefficient. Tills shows 

UH that A in dependent, not only on the temperatupe, but also 
on the vuliiuie, and that during the change c^T the volume is 

kept coa-itJijit. { sp) , lliextifore, represents the partial differ- 

ential of A with respect to T. So we can write — 

A -1^ = (21.) 

It will l>e iiHefiil in r>ur latw 'liscussicns to slightly re- 
arranKt' tbln equation, transprising the members, and at the 
sanK- time dividing through by T'. We then have — 

l^dA A U 

T rfT ^ l"* ~ -p 
yurtliur, by tlie elemoutai-y principles of the diPferetitittl 
calculus — 



- rp X ^^^ - (j.^ 



and tlii!itil'i_n'»i- 



,i 



(22) 



,n ^ T* 

Integrating tliis oxpro^isiou, wg get — 

f =/O0-/5'n' (23) 

Ui'i'i', insttwl I'f ilip L'niisUuiL wliiijli appears iu the inte;^jttion 
"if a coniplotn diU'pienlidl, wo liave Jt functtim /(v) of thu 
variabhi {vuluiiie), which was assumed eitnstaut in the diflrr- 
I'utial. Wo can further tmna|MiHe (23) into — 



A = T X 



/('■) - t/.. 



IT 



(24) 



If wp replace the chanfte in the total energy U by the reaction 
heat Q, it follows thRi— - 

A = Tx./i:r)-T/.j?,*n' .... (2r>) 
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Thus the qiiaotity A is dependent on the heat of reactiou, 
the tempeniture, ami the VDlume.atid hwanse of the very uature 
of heat. 

Thia expression is not immediately applicable, b',*eaiiae wo 
do D'H yet know anylhing farther about the volume function 
f{v) or the integral— 

We sbfiU concern ouraelvea further with them in tho Thii-d 
Lecture. Here we sliall simidy consider a little more closely 
the relation we liave just deriveil between heat anri work. 

ll', rciiiembering eqimtiuu (loX we write^ pMulinri- 

, tioH nf 

\^Mt f Intent 

ami 

-/ = imH- 

it follows (for prtxieasea wliere I' = nr independent of T) 
that— 

?:?' = T:r (26) 

This relation saj-s that the latent heat of aa isothermal process 
yielding the majdmum amount of work is proportional to the 
intensity factor of its heat — that is, to the tfimperiiture. If, 
then, M'e leave everything as it is, and simply exchange the 
tempcr.iture 2T for the temporatne T, then the latent beat, that 
ts the heat converted into work, would be twice as great. This 
uxcoedin^dy aimple rdatiou also exists in enorgy transforma- 
lions of other kinds. When we use the energy of position 
which a lifted weight possesses to drive clockwork, and by 
it an electric motor, the hefglit through wlueh th*j WL'ight falla 
represeuts the intensity fact^jr uf the position energy which we 
transform into electrical energy. We see immediately that if 
we let the weight fall twice as far, wu consume twice as much 
position energy. When we sond a certain (juittitity of ekctrical 
energy at the voltage E into a circuit where electrical eueigy 
is converted into heat or mechanical ejiergj', evidently the 
doubling of E, the intensity factor, doubles the consumptioa of 
electrical energy, provided none of the other conditions are 
altered, The relation expressed En (2fi), therefore, represents an 
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entirely general law. It has, nevei'theless, a specific peculiarity. 
When the weight sinks, tlio intensity factor is ropresanted by 
the difftrmue. of height (betwecD initial and final ixiaitinn); in 
the electrical example, by the dijfe/rensc in potential at the ends 
of the cii'cuit where the energy is used. But in the heat-work 
proceasea, where hoat becomes latent, that is, where heat is 
used to do work, the ahsoliUe temperature must be taken as the 
intensity factor, and expriission (26) becomes incompatible with 
eKperiouee when we choose any other zero point for oui'^ tenspera- 
turo scale. Wo can exprcse this in another way by saying that, 
in the case of heat as weU na electrical and mechanical energy, 
the diflerence of the intensities is the determining factor, but 
ill the ease of lieat, wa must reckon the difference between the 
given temperatnre and the nhsohite zero point, while in other 
energies we may arbitrarily ehoo&e any relative zero suitable 
to the conditions of the experinieni, So far-reaching is this 
difference that we ha^e absolutely no concepLi<m of an absolute 
aero of jmaition energy or electrical potential. It is, nf course, 
a pure cnuvention to take the sea-level or earth potential afl a 
zero point. Weight can sink below the level of the sea, and 
potential can be negative i-elative to the earth. Conversely, 
the absolute xvn) has acquired such importance in heat-work 
proceascR, becauso of the relationship expressed in equation 
(2C), that tamperatTireB are exclnaively i-eckoned from it in all 
thermodynamieal calculation b.* 

Tlie theiiry uf practical heating processes often makes use 
of an pxpnwsion similar to the one we have just considered — 

w:v}' = t:t' 

whorfi by w we uiidoratand the heat which a body contains at 
r C, and by «■' that which it contains at i"^ C, The meaaibg of 
this exproasion is, however,, entirely different. It has nothiog 
t*> do with heat-work processes, biit simply with heat transfer 
without the performance of work. For the purposes of tliis rule, 
therehii'p, temporaHues can he just as well reckoned in degrees 
CVlsius as fnim any other arbitrary zero point. 

One observation still remains to be made with regard to 
tlio conJitioaa under which sensible beat can be transfonned 

' 8*0 Mneh, " Pn'nxipieti iler Wiirmelehre" (I.eipiig. IflOO), p. 328; 
" Ueber die KoiifiMtnUSI iind die rnteTncliiecle tier Erergien," 



into work at constant tomperature. It is that some process of 
dilution, such a-s we have jasC seen to occiu' in the case of the 
expansion of a gas, must always take place. Every such 
dilution ia naturally limited, for it will only continue to pro- 
gress so long as the pressare, steadily diminishing in the course 
of the dilution, is greater than that of the surroundings. If no 
pressure differences existed, the process of dilution and the conse- 
quent conversiou of heat into work would l>e impossible, Kow, 
where chemical reactions are taking place in gaseous, liquid, or 
moltGnmL'iturea.substiinces appear and disappear under certain 
concentration relationships. Every newlv formed fraction of a 
reaction product must assume the concentration of the fraction 
already present. Every disappeiuing fraction of a reacting 
substance must relinquish a certain state of coneeutratiou a3 it 
ceases to exist. These unavoidable coucentration changes are 
responsible for the existence and the importance of latent lieata 
in chemical reactions. 

Jtetotming now in conclusion to the expre.'ision — 

A = IT - ? = II + T^ 
we slioll be able to understand the significance of the member 
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if we consider a contention made bv Bettheloi, Tierthelot 



maiotained that U and A were equal if changes of state were 
excluded. He realized well enough that the latent heats 
ftcoompanyiiig ehanoe of state disturbed this relationship. But 
h« erred in thinking that by excluding changes of state ho 
preventeJ all htent heats from coming into play, llelmholtz 
therefore (J.c.) yironouuced Berthelot's limitation as insufficient. 
Latent heata are only completely excluded in one ca.se, and that 
is when the ruuctiou lakes place at absolute zero. In this 
case — 

A = V 

In ever)' other cjise a differeuce is possible, its size depoudinf», 
accordtnj^ to equation (25), ou the concentration relations (/('')) 
in the reaction, and on the temperature. At given relative 
concentration."? the deviations are greater the higher the tem- 
^►erature. At all tcuqipml-ures relative cunceiitrations can exist 
at which A and U are verj' ditfereut Practically, however. 
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concentrationa vary only within quite narrow limits. If the 
substance disappearing in a reaction be so far used up that only 
1 ^Q V^'^ (^xA. of the original substance remains, we call the reaction 
complete, and do not concern ourselves with the great difference 
between reaction heats and reaction energies in the transforma- 
tion of these last traces. At the ordinary temperature of about 
20° C, which does not lie very high on the absolute scale 
(+293°), and in the really important regions of greater con- 
centrations, the difference between A and U is not, as a rule, 
veiy great, and Berthelot's rule affords a useful approximation. 
This rule, however, cannot be applied to gas reactions, for these 
often take place at temperatures which are higher by many 
thousands of degrees. 



The expreBsion — 

A = tl-? (1) 

which we have treated in the precedmg lecture, takes an espe- 
cially simple form m the cnse Just ineotioQed of a ^ds expansion, 
l*cau3e the total energy of the gas dfies not change in iaotherraal 
expansion, that is. the quantity U is equal to zero, 

la the case of cliemiciil reactioni^ we substitute the reaction Reaction 
heat Q for U. This statement^ however, ia not definite enough, e'p™,,^",. 
Id the Srst place, it is clear that what we mean is the reaction ittrc. 
heat at the temperature of the i-eaction. Now, the rc^actiou heat 
^nerally changes with tbo tern pe rat lu-e. The extent of the 
chnnge depends, as Kirclihofl" has .'iliown, on the specific heats of 
the substances formed and used up in the chemical reaction. 
If it were possible Co carry nut gaseous reactions at the fll>3olute 
zero without having the gases aiiOer any fihange in their state 
of aggregation or losing any of their ideal properties, we should 
find a reaction heat which could he connecteil with the reaction 
heat ai the temperature T by a simple conaideration. That is, 
if we imagine the reaction to take place at tha temperature T 
with a gain of heat Qt, and ihe resulting product to Ijg then 
cooled down to absolute zero, we shouhl obtain the same net 
amount of heat as though we had fiist cooled the factors of the 
reactiim to absolute zero and then allowed the reaction to take 
place with a heat gain of Qo. 

If i^^DvT) he the mean specific heat of the products between 
0* and T*, then tlie net gain of heat in the first procodure 
would bo Qt + Tf a;ii.T) ; in the second procedure it would W 
Qn + TfXi*.Tj' where ^jo.t) i'* the mean specific heat of the faetoJ"S. 
Since these two quantities are equal, it follows that — 

Qt = Q. +T('yco.T, -r,(„,T>) . . . (2) 
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ricat We mu3t here say a wonl in reganl to mean 

m»nUi specific heata, and the relation between heat capacity and true 
true specific heata. Heat capacity may be beet deSned as the 

amount of heat whicli must flow into & "unit quantity of a 
HitbataQce in order to raise its temperalure 1", If we dtjsignate 
this quantity of heat as ■w, this deiiaitioii is equivalent to the 

more precise statement that the heat capacity is t™; that ia, 

it ia equal to the quotient of the very small increment of heat 
over tlie riso in temperature which it causes. The same 
quantity 13 also called the true specific heat of a unit mass at 
V. Strictly speaking, the specific heat ia, to be sure, only the 

ratio between the above-mentioned value,--™, and the similar 
value, -™, of a standard substance. But since 1 gram of water 

at 15° ia taken as the staudard substance, for which -^ equals 

unity, it follows that the ratio and the quantity itself a.re 
identical. The two expressions are, in fact, used interchange- 
ably." If we represenl the true specific heat by <■-„, then — 

r„ X rfr = dio (3) 

or, since we can hei-e juat as well use Celsius degrees, no heat- 
work process being involved, but only a pure transfer of heat 
from one substance to another, we can ivrite — 

c„, y. ih = (Iw (3a) 

If we integrate this expression betweea 0" C. and /*, or between 
0" absolute and T" absolute, we get— 

' For inatarniij, bog WiilliiiT. " Lclirlmcli iler Experiioeiitalpliyaik," vol ii., 
fitlj edit. (LeipKi'b', 18;ifi), p. 101). Tli, W. I[k;liftrd« {Z./. ph</K. Chemie, 3C 
J mill), 358) lays stresa on tlio rigorous ilcRnilion of lient capncity (as cnlnriea 
ujvkd^il bv (h'sreCB), and ut tlio sianio lime mnki-a tlio proposal to lake aa a 
unit of lufiftt capacity tlio cfl|Kicily which lb warmeil l''C. by I juule (that is, I 
walt-Bflcoiid, or lo" gt^). llo oallw this capacity 1 majer, aud a thousaml 
times tli[« cafACJty 1 ttilonmycr. Tfiis flii^uslion lits into a ejiiteni ul licftt 
iiioaaiiretneot wliich Ostwalil lins inlnKtik'ijil in the tliird c^Ittion oT Ins 
"HniHdriss iJbt allgemcinen Clinniie," ncconiiiig In wliicli tlto calorie will no 
longer be tho unit iinaTjtity of Kejil, but will Ik? replarwd by Hie llicmial 
equivalent of a joule. From n thcurclical pwit nf view, tliis ByELom would 
refliilt in nome simplificniinrift, hnt oa yet it Ihih mot witii no accepUiici?. 




nB.T) = [c« X rfT = c«io.i, X 1 . . . (4) 

"tW) = j r-„-x dt = c^o_,j X « . . . - (-trt) 
-' c 

Here c„;a,, (^ signifies the mean specific be&t between O"* and 
T° on the absolute scale ; r^t. o tli6 mean specifit; teat "between 
0* and t^ C. Tbo two vaUies are by no means iilways iden- 
tical. Tbey ate identical aingng tbemselvea, and with c« 
■when c« has tliy saJiie value at all temperatures. On the other 
hand, if r„ haa a cliffutent value at differcat temperatures, all 
three quantities, c*, c„{c.t), and r„(o, jj, differ from one atiother. 
The simplest relation exists between the true spccJtic bcata and 
the temperature when the eq^uation — 

e^ =: a -^ bl . . . . . . (5) 

holds. If we replace t in it by (T - 273), wo get — 
c„ = « -f- W - &273 
If we call — 

« - & X 273 = «' 
we can wTite — 

i^ = a' + bT (5ft) 

In the first case we tind, froni (-Aa) and (5) — 

j r^'U = J (rt + hi)tU = ((( + ii/} X ( . . (6) 
in the second, from (4) and (5a) — 

Cc^dT =f{a' + bl:)di: = (h' + y.T) X T . (Gii) 
Comparing (5), (6), and {in), it follows that — 

aud 

e„ = fi + hi 

On the other hand, from (5a) and (6h) and (4) — 

C^o.T) ^ ^'' + UT 

c^ = a + hT 

If, then, tlie true specific heat is a linear function of the tem- 
perature, it dilfei's from the mean specific heat between 0° and 
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the tomperatui'e in question, simply in the IWt that its second 
member is twice aa great, We shall have frequent occaaion, in 
the progress of our lecture, to make use of these formulse. Just 
now, we will gimply point out that according to (4) the mean 
specific heat between and T may be considered as the heat, w, 
which 13 necessary to raise unit mass of a substance from 

absoluta zero to T°, divided by the temperature T ; that ia 7., 

In OUT later statements wc shall not give the specific heats 
reforred to in the usual unit of mass, the gram, but use the 
product of the specific heal i^er gram into the molecular weight. 
We call this the specific heat per mol, Ostwald calls it the 
" molecidar heat." 

If we return to what we were discussing at Che beginning, 
we may say that in the second place the reaction heat of a gas 
reaction is dependent on whether the reaction takes place at 
constant pressure or constant volume. The difference existing 
Ijetween the reaction heat at constant volume and that at con- 
stant pressure may be ascribed either to work done against the 
atmosphere when the reaction is accompanied by an increase 
in Volume, or to work done on the gaaea by the atmosphere 
when the reaction is accompanied by a decrease in volume, Aa 
we know from liiermochumiatry, and as wc pointed out in tlie 
First Lecture, thia work is jtv'S.v, or UTSt-', where Ei'' in the 
erLuation representing the reaction represents the sum of all 
the numbers of molecules (the number of molecules of the 
factors being coiinted as negative). Wc have decided to 
consider work done by the cli^micai r^dcUon (ct /instant voiumc 
the basis of oar cakulations. Hence Qi and the specific heats 
in equation (2) aie to l* taken at constant volume. Thosj>ecific 
heat of an (ideal) gas at constant pressure, refeixed to one mol, 
is greater than the specific heat at constant volume by the 
quantity E (t.f. 1*98). If, for the sake of brevity, we substitute 
<T for the difference appearing in equation (2), first assuming 
that 9 has the same value at all tempera ture-s, and add the 
index r in order to show that this difi'ei'Once (a) is tiikcn ab 
consttint volume, we got — 

U = Qt :^ Qo + <r„T (7; 

and from (1) — 

A = Qo + ffrT - y 
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We will now consider the " laLect heat of reaction," j, fj'om Li.iLni 
ilQOther staadpoiot. In the first, lecture we discussed its o^rony. 
rielflliotj to the temperature^ and became fatoiliar with the 
simple case (First Lecture, equation (26)) where — 



If wd d^ote the quotient ^ by S, then, in general, wc may 

write (1) and (7) as — 

A = U - TS = Qo + e. J - TS . . , (7a) 

Cku&tus, who introduced this term into the theur^'^ of heat, 
called it "entropy." Helmholtz^ published a fundamculal 

.discUMiou of the fMe it playa iu chemical reactionsj and I'lauck ^ 

rdevelopcd the subject sy->stomaticalIy. 
We fuuud before that— 

-l-^f. (8) 



from which it immediately follows that- 

,/A 



(9) 



It iherofure amounts to exactly the aamt; thing whether wc 
base the statements upon the peculiarities of the quantity S or 

of the quoliuut ^^, and only formal difiureuces con incline us 

to use the one instead of tlie other. In this lecture we shall 
first make our calculLition using the entropy S, because we cau 
thus deduce the final formula in a more perspicuous manner. 
Later we shall obtain the same formula by another method, 
involving oeveral steps and making uac of the temperature 

c06£Bcient of the maximum work, -py. 

At the outset, we will once more call to mind that —q 
represents the heat taken up iu an, isothermal process yielding 

' Hdmliolu, " Ziir TherinodyiiMnik chem, Vorgangt," SilzanifslKriMe 
der Kfft. I*r.u-i. Aitviemir, Brrlin, 1882, 1st hairvol., p. 22 ; and Ofitwal<1, 
"Klmmkcr der exaklen Wieaenscbaften," vol. I"i4; " .^lihrnull. zur Thur- 
moclyniiniifc cliemiKlier VorgSpg©," voH H. Uelmlioltif, edited willi notva by 
il. I'lanrJi (Leipzig, 190-2). 

* Plnnck, " Thermodynamik." Leipzig, iyo5. 
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its Tnaximum amount of work as it progreaaog. If we imagine 
the heat to be resolved into an intensity factor and a capacity 
factor, S 13 the capacity factor of the beat in such a process. 
The ([uantity S^ therefore, shams with the specitic heat (niean 
specific boat between 0" and T") the pecitiiiaril-y that it is the 
quotient of a certain number of calories divided by the absolute 
teinperatiire. But these two numljci-a of gram calories aigniTy 
very different things. To determine the mean specific heat 
between (f (absolute) and T', we have, according to equation (4), 
merely to divide t!ie heat i-equired in rftisiug the temperatuitj 
by the temperature T. To determine the entropy, we must 
divide the heat used up in an isothermal process progresaiiig with 
a maximum yield of work by the temperature T at wliich the 
process is taking place. 

If a gas is made to expand iaothermally to ten times its 
original volume — 

^q = ET/«10 = l-Sa X T X 2-3 = 4-5GT gram-eal. 



aud consoq^ueutly — 



-S = 4-5G 



gram-cal. 



deCTees 



Since «? represents heat given off by the aystetn in changing, 
S also represents entropy given off, or a dwrease of the 
entropy of the system. The above equation then says that 
under these conditions the entropy of a ga3 mol increases by 
4:'56 (S being negative), Wa are cognizant only of changes in 
entropy. We know nothing of the absolute amount of the 
entropy contained in a substance. We can merely ascribe some 
arbitrary value S( to the substance before it undergoes a series 
of cliaJiges, then measure the entropy change, and so arrive at a 
value S/- wliich represents the entropy of the substance in the 
final state. We can also see, from the illustration just given, 
that a change in entropy does by no means involve a change in 
the si^eciJio heat, for the specific heat of the gas mol concerned 
is the same before and (^ter the expansion to ten time^ the 
original volume. 

To illustrate the conception uf entropy, we may further 
ohaervo that the entropy of a mol of water which is beinj^ 
converted into vapour at 100° with an cxpenditiu'e of i536 x IS 
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= 9650 gram-cal. io overeommg the pressure of the atmosphere^ 

. 9650 -_ - "ram-cal. ,„ . ,, . 

mcrea-sea by -„ys = 27'e ^ , while it would lucreaae 

- '_,. = 40 '— ' if the vaporizntioQ took place at 0°. whei"o 

273 degrees *^ t- » 

the heat of vaporization amounts to 18 x 607 gram-oal.^ and 
the maximum pressure to be overcome ia only 4'5 mm. 

After the foregoing esplaiiatiotw of entropy, we immedi- 
ately See that in au iiidnitely small isoLhermal cliange, where 
the intimtely small maximum work dA. is done, and the 
iTiKnitely small quantity of heat dq is used up, the eotrupy 
ehiaiige of the reacLiug system should have the value — 

Let us now fix our attention upon a reversible, but nob 
isothermal, proeeas, where a maximum yield of work is secured 
from the heat coiisunieJ. We may consider the pruceas Lo be 
resolved iuto au iuhnite number of iiiliiutely small sLoirs, in each 
of which T remains constant, or differa by only an infiuitely small 
atuount from its value in the precediag or suceeediag step.^ Then 
in every step the entropy change of the reacting system is — 

and in all taken to:gether — 

With this, the conception of entropy ia explained sufficiently 
for our needs, Fhysiua len*^ it stilL yi-ester importance by con- 
sidering what change the entntpy experiences when a pnx^ess 
lakes place non-reversitly, that i3, when it does not produce ita 

' It wouJd be more acciimtfi to Bay that tlio proceBS miiy be resolved into 
A sncceasioD of two kinds of iu6iiilely araall etcps. One kind consists in 
cfiamgw of leropcmture by ospeniiituru or reception of work by the §}-8lani, 
'wbich aiQ Qot cuunectcJ with Qxpenditun; or recc'ptiou of lient. Every one 
of Uiese lite^jH caaacs an inSnitely snia]] cliango of tQinperaturc without cbange 
of entropy. TEio second kind are isotlicrmuE eteps, which fulfil tlie equation 

-i/S = -'^. The entropy change oF tto whole process ia given by 

-S = — I n>, the firet kind of stepa being without influencc upon tbe 
eotropy cliange. 
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maximnm yield of work. As previously pointed out> it is a 
peculiarity of tha maximuni ivork that it is equal to the minimum 
work requisite to reverse the proceaa. Physics, then, solves the 
problem of how nmcli the entropy chaoges in the processes where 
tJie maxinum work is not done, by considering the miniinum 
amount of 'work necessary to return the system to the initial 
condition. If thia minimum work in the reverse change is 
coupled with an expenditure of heat g at T°, that ia with the 

decrease of entropy %» we conclude that the entropy in the case 

of the forward process which did not yield a maximum amount 

of work \'^ inci-eaaed by the amount - ^. There are many 

general Lzatious regarding clianges of entropy. The best known 
of these is the principle of Clausiua, which eays thai the entropy 
of the world tends towarit a maximum. They ai-e based, how- 
ever, on nou-reversible pheoumena, and hence do not now 
concern U8. 

In firder to find tha entropy of a gas reaction by means of 
fiU'iniiia (Ta), two |Hiinta must bo conaidered. This formula 
represents the inaxiiuum yield of work, not for any particular 
value of the temperature, but for all poauiblo values. We 
must, therefore, first find out how the entropy of a piugle gas 
ehangesj if at all, willi chaugea of its temperature and volume. 

Further, at least two ami usually several substances take 
part in a ri;actiou, aome of which aie being used up^ others 
fuimed. We must, therefore, determine the relation between 
the entropy of a mixture of gasea and the entropy of the simple 
gases by themselves. 

In order to answer the first quesUun, we revert to the idea 
that a process which v^ not isothermal may bo imagined, so fai" 
as entropy change is concerned, as cunsistiiig of an iulinite 
number of infinitely small steps, each one of wliich is isothermal. 
If the non-isothermal process takes place with a maximum of 
work, then in every single small step the infinitely small 
quantity of heat — dj will be taken up by the system in 
changing, and, at the same time, its entropy will increase by the 

amount -rp = —dt. The entropy change In the total non- 

Lsothermal process will therefore bo, as already mentioned — 
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•/ 



dq 
T 



(10) 



Let us aow imagiue a reversiljle process of expaasioii to be Adi&teiie 
carried out with aa ideal gaa, so that do beat is absorbed or P""**"- 
given off. In such an " titliftbatic " process eveiy iufiuitely 
small atnmmt of wotk done, fdv, must be ocwmpaoied hy a 
oorresponding decrease, rfU, lu the total euergy of the gas. 
Siin!e the gas does not change chemically, we are coaceraed-only 
with Ihe thermal and not the cheiiiiciil part of its energy. IE we 
at first assume that the specific lieat of the gas at constant volume 
is indciwnJent uf the tenipi-'i-aturo, this heat energy of the gas* 
equals c,T, and the decruase (ill is equal to — c,T.^ Wethusget — 

d\3 = -cM ...... (11) 

and since the work done./Air, equals the decrcMe rfU^ 

= c^T ^-pdv (12) 

If the reversible process does not take place adiabatically, Nuu- 
tho quaulilies — f/TC and -^pdv are not equal. An infinitely ?^^^[[^ 
small quantity of heat i — dq) will then be taken up from the 
surroundings. We then get — 

-dq^C^lY-^^v (13) 

and dividing through by T — 

dq __ rfT 
^ T ~ 



rp + ^dV , 



(14) 



RT 



We replace jj by — , ueiug the relation — 

and ^n-iting for -^ and ~ the identical expresaioiia diiiT and 

dtnti respectively, we get — 
dq 



-^-= c^ilnT + minv 



(15) 



1 Here w« muBt tak(> the specific beat at constant volume, e,, and not at 
conatiiDt presure, c„ for if wo imagino the gas dei'rived of mil ita heat eoergy 
ty Iteiri" cooled to ihe absolute vieto, atHy the nraomit of laeaC c„T is tnken 
ouL lu orJet to temovo the nmoimt c,T we mimt allow the atmosphere to 
do work, conifireaaing l])o gsui to zlto volume while it cook to the absolute 
zero of temjwraturo ; tbaL ia, wc miiat introduce energy from witliout. 

* h is to be remcmlHjricd m thia cooaection that, ns |iutated out in the 
first lecture, the experimenta of Gay Lussac, Joule, and llioniBoa (Firel 
Lcclnrc, p. 17) have ileiuoiistrBlcd that tte tbermial energy of a gas docs not 
depead od the rolunie. 
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ir we DOW carry out this reversible nou-isoEliennal process 
ao Uiatj starting from the initial temperature T( aod the 
initial volume I'l, we reach the fijial temperatui'e T/ and the 
final voluiuc vj, the sum of all the infinitely small steps 
represents the dill'erence between the final entropy S/ and the 
initial enti-opy Sf. That ia — 

% = a,^l(^mn''{ . (L6) 

1 J.( Vi 

]f wo JutiWuce concentrations instead of the volumes occvipicd 
by a mol, 

'-1 CIV) 

and wc obtain — S/ = S^ + €j.n J- — JUn - 

riioiMnr We are free to define any state as the initial state. If we 
otoiIUIm! "•"^^ ^^ nn\,iiil state the temperature T = 1 ' and the cun- 
ceuLration c = 1, it follows that — 

S - St=i + tJnT - Uliic, . . . (18) 

Csl 

Hero S signifies the entropy of a mol of gas at T° and the con- 
centration r, both of which may have any value. 
Bfiiftmiion The second question may be settletl by consideration of tlie 
"^VT ^'''^^^ ^^^^ ^^"■' soi'iration of g-ases involves no expenditure of work, 
(iMlH^iKii' pitivided the concentration per unit of volume I'einains constant. 
LcntoT ''^''^^ principle, first proved by Gibbs,* ia a surprising one, 
work. because we know that gas mixtures, such as air> cannot he 

' TJiO fad that with i\m clioicc of an initial temperature vrti reach b 
iiiglicr tciiijiemliirc, not by (ix|»LnBiD[i, but by Cinnpressioii, Ln.8 no elfucton 
llie derivaliou. If one would convince liimself of tliia, treal. |li« npti- 
iBoLlicrmol rvvcrsit^io process «b d uor]i|irvssLOti bikI not &a an cxpauHioD 
]irocc&a. In this way, cxpromton (13) witit opposite sigus ia readily obtaiticd, 

while uL UiQ utme time liie integral — / -,./ assumca the opposite sign, so 

tliHt tbfl roBiiit ia tbo uimo an beforQ. 

^ Oililia, ^''I'miia. Cumn. Acudemy," vols. ii. and Hi. t also "Tlicrrao- 
dyumuittcli'O miidicn, Leipzig," traiislnted by W. Oatwald (Lcipdy, I8y2}. 
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separated into their components without the e:cp€ndiCiire of 

work. But this is solely due to tlie fact that increase of volume Tlir? seini- 
nnder onlinary conditions involves expenditure of work against ^'1^^,^^. 
the atmosphere. If we imagine the atmospheric pi-essure to be 
removed, a suitable engine would" caiTy out the separation of 
air into its constituenta wLtliout expeaditure of work or heat. 

Tlius, for instance, in ft working apace where vacnuta 
would be maintaiued, a mixture of equal parts of hydrogeu 
aud oxygen could be separated into its component parts without 
the expenditure of heat or work, "by means of the little arrange- 
ment hero depicted. 



0* 



It. 



Fio. .1. 



III. 



iV. 



^^F The arrangement consists of two boxes, A and B, whose walls 
are impermeable to gases on all aides except the cover of A and 
the bottom of B. The cover of A la penneable to hydrogen, but 
not oxygen, while the bottom of B is permeable to oxygen, but 
not to hydrogen. 

The hydrogen exerts a lifting force on the cover of B, due 
to its partial pressure, equal to the force it exerts against the 
bottom of B. The oxygen has the same pressure on both sides 
of the Iwittom of B. If, then, the external pressure is zero, there 
13 no position of the Iwies where a force is acting in B which 
hinders or favours a displacement, and we can make the 
apparatus, which is assumed to l»e frictionless, puss through 
^ four positions given in the diagram without losiog or gain- 
ing a finite amount of work. Since a difference between pressure 
and counter-pressure never exists, it follows that the system 
will always be in equilibrium. 

At the end of the operation, in position 4, each separate 
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gM han tho lAtno concentrtklioo ra it had m Lhe mixture in 

jMiHiUiin 1, Siiioo llio ]imoea!i timk jiltico in the equilibrium 
niHHliliini ami isiitbui'timlly, mul pinr* no wi-rk was done either 
on or by the nystem. ilip latent heat of the process, and con- 

■oquently tha oiitmny nlmn^ct' L is zent. Tliia amounta in say- 

inft that Iho enlmpy of tlio gas mixture is equal to the sum of 
th(f (Milri»[ii«H nf thci BPparatR ronipononta at tlie same tGmpera- 
tll^'Jlll^I iumtnintriitinii. It furtliur follows frotii tine Ihatj when 
n nml of a RasoonH TOmponent is ahatracted from, or added to 
a Vfiry hiij;*! quuiitlty iif giia mixture at constant temperature 
witlnmt prodiioiiij^ a fnnUi cliaugG in the concectration, the 
iintr»i])y rlumgu of this mixture ia simply equal to the entropy 
of tho Has adde*i or taken away, and thorefttre is — 

}jBi UH now take any gas reaction, for instance — 

2H« + Oa$2n,0 (10) 

wlitrh tfikoii place igfithcrtimlly at constant conccntratioijs and 
with a inaxiMLum prodiiction of w-nrk. In it two mola of 
liydrnffcn at the noiipcntratinu ^h,. a'ld a mnl of oxyfreii at the 
uiinwMilniliun fo,. di8ftp]»oar, while two mnh «f waLe^■^'apour 
am ftirniwJ at a ouucoiilmliem i*h,o- The entropy of tlie f^as 
iiiixtiirn thnivhy dwiiwstw hy the entropy of 2II.2 + lOu, and 
inriTBHiv hy Ihi* onln'py of 2HjO. It therefore experiences the 
finlhiwiiiK nhaiigivi : — 



+ 2Sii,o - +3Ah,o> + er(iiso/«T - R6ic„^\ 



- S ') = - (2.-^H,) + cko,i - 2.^<ii^))/«T + lUn ^^ A^ 

c"h,o 

(20) 



.(2S^^'] + ^)°'l-^^^«.7\ 



c= I •' 



• tn regftnl to Hie sis-iiB, wo nhould notice lha(, as poiiitcJ ijiit l>efore, y 
Tc[^nnBnt3 heal givt-n o-fT, nml 8 n decrease in cntrupy. Therefore -R U IJi» 
increDBD In entropy in the reveKible iBoUiennal gas reaction. But this 



EXTROPVAiVD ITSSIG/ffFICAWCE fNGAS RELICTIONS 39 

The quantity enclosed in the brackets is nothiri^ more than 
the differeuce of the specifio beats of Uie disappearing; ami ap- 
pearing substances, for which we have akeaJy iised the sjmbol 
iTw. If we use it here again, an<1 collect in a single oonstant the 
entropies at T = 1 and e = 1 enclosed in parentheses, it follows 
from (20) that— 

'^HjO 

If we substitute this value in equation (7a). we got — 

A = Qo - ffrT/nT + Km-"' ^ '"' + («. - *:)T . (21) 

Except, then, for the omstant U, we know liow the ability of aftnptst 
OUT ga3 reaction to do work depends upim tlio reaction heat, the /i^" "' 
specific heats of ihe gaaes ooncerned, and the concentratiuu at all 
temperatures and percentage coni|>ositinu3. 

Tlie relation which wo have deducal for this specific case of 
the formation of water may be similarly deduced fiir any desired 
gas reaction. It Ea only necessary to subatitnte the general 

.... tt^ether with the number of molecules v', v", . , . , for 
the special concentrations of hydrogen, oxygen, and water, and 
for the particular number of molecules which appL>ar in tho 
member — 

C^HaO 

The number of molecules of the disappearing substances must 
be taken as negative in this general Tuode of expression. We 
then obtain — 

A = Q„ - ff.T^tT - KT X SpVnc' + (<r, - k)T (22) 

Let U3 return to the process of the formation of water from the 
elements, and accordiQ^dy in tliis equation put for c'dbip|»Arinx 
the value ra,, and for v its value —2, becau.'?e, in acwinlanco 
with tlie equation, 2Ha disappear in the reaction. For r"ji„|,p,„i„g 
we put the value co^, and for v" its value —1, bccauau I 

increase conafsla nf tlie entropy of two mols 11,0 tnkcn as positive, and lli« 
cnlropy gftwo m^Aa if, plus one niol 0, taken as negaln'o. 
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mol Oa \s used up; for rgfj^iring the value c\\,fl, and finally 
fyr I'"' we put +3, because 3 mola HaO are fonned. We then 
have — 

Tlij-s 13 identical with equation (21). 
Tbe ex- Foruuila (22) has already lx*n in part obtained by Helmlicltz 

IK-Lin- {I.e.). That ifl, in liis fundamental paper on the subject. 

HeltuhultK develi>i«il an expression which, when ivritten in our 

notatiou, runs as fi.>llows ; — 

A - Ai = (ff, - SiXT - Ti) ^ *r,.T/» J . (23) 

Tn it he made no further assumptions than that the process in 
question yielded its maximum amount of work, that the 
difference in ayteciflc heat of the substances appealing and dis- 
appearinrr ]iad the same value a-,, at all temperatures, and that 
tlie ratin of the vnlumes cr the concentrations could be regarded 
OS unchangeable. If in this equation we put Tj = 1, and under- 
stand by A tbe maximum work at 1" abfi., and by Si tbe change 
of entropy under tliese cunditiona, we gel frcim (23) — 

A ^ Ai + Si - (T^ - ff.T^HT -I- (ff. - S,)T 

But now, if Qi signifies tbe reaction heat at 1" abs, — 

A, + S, = Qi 
and accoi'ding to (7) — 

Qj — tTr = Qo 

that is — 

A = Qo - (T„TAnT + (<r, - Si)T 

If we compare formula (22) "with this., we gee that brjtb liecome 
identical when — 

S, = i- + ItSi'7nc' 

Si signifies the change in entropy at T = 1" and at any given 
concentration of the gases taking part in tho reaction, k the 
same quantity where both T and the concentrations equal 1 and 
the gases obey the laws for ideal gaseg. By using the general 
terra Si, Helmlioltz avoided any special assumption regarding 
tlie laws wliicli govern changes of wnceutiation. He thus gave 
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his esprcsaion a more general form, but at the same time one 
leas directly applicable to Dur particular probletas. HelmTioltz 
certaioly knew it was jwssilhle U* ilerive Lhe expreflflion — 

k + ESv'/m' 

from Si by means of the gaa law — 

pv = RT 

In his "Dritter Beitrag zur TliermoilyHamLk chemischer Vor- 
gjinge." ' he makes a 8]^)ecial application of this, and in his lectures 
he develops in a more precise way (on the Imsis of the gas law) 
the infliiencve of concentration. Hiplraholtz did not give our 
expression (22), simply l>ecaiise it had no immediate value in the 
consideration with which he was busied. The extraordinary' 
stimulus given by Van' t Huff to the study of the influence of 
concentration in systems which obeyed lhe gas law, directed 
general attention to those phemimena whose treatment requires 
our more sjiecialized formula (22). 

If, now, we examine tlie constant k, we can, in the first 
P'tace, make its meaning somewhat clearer if we consider tliat the 
latent heat of the reaction is idenlical with TS. Thia product, 
liowcvL^r, when T = 1° ahs., is equal to the ciilropy, Now, we 
hare seen that the ccmstant k is equal to the change in entropy 
of a reaction prtxseedioy reversibly at concentrations wliich an; 
all eqwal to 1, and at the temperature of 1° abs. TherdVre we 
can also call the constant k the latent heat of the reaction under 
these conditions. Thermodynamics tella us nothing more about 
tliia constant. Consequently, tlie latent heat of a gaa reaction 
taking place reversibly, at concentritions all equal to 1, and at tlie 
temjifratnre T = 1. remains theoretically indeterminate. Let us. 
see wha-t further iufurmatton we can gather about this quantity. 

To take a abort cut, calling the principle of Bertholot to our 
assistance, we may reason smnewhat as follows : At absolute 
Xflro> Berthelot's principle is recngiiized as con-ect, but the higher 
the temperature the \mn dne.« it suffice. However, at V aba. it 
ought to be very nearly true. We may, therefore, write — 

At=i = Qr^i 

' Oslrtiild, Klusaiket l'24, " AWiandl, /.nrTliermodynamiSc chem. Vorgiioge 
Von H. Hetpihulte," p- flS. 
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Since at 1" abs.^ — 

Qt=i = Qo -f *r j 
it follows Uiat — 

jVt=i = Qo + ff„ (24) 

In formula (22) we now put the t^rm Sr'W equal to zero^ 
and T equal to 1, The first substitution simply means titat all 

conceBtrations are equal to 1. It then follows that— 

At=i = Qft + ff„ - a .... (25) 

We now compare (24) wUh (2o), and conclude that Ic is zero. 
This is, liowever, a very ariiitrary procedure. Equation (24) 
will be approximately true, whether we choose the concentra- 
tions as all just equal to 1, or somewhat different, for only at 
exLreuio diderences in concentrations doo3 the tenu ESrVmc' 
attain a value* at all comparable with Q^. On the other hand;, 
a ratio x of concentrations must esiat at whieli — 

At=i = Qa + ffu 

But X may have a value other than 1, We canunt, therefore, 
ili'cidc iu lliia way whether a [ieree]»tiblfi difTcrencrs between A 
jiiiil Q does liLit exist, though small in comparison with Qo 
Hut, unfortunately, this is a crucial jioint. For althoujfh we can 
certainty neglect A; at a temperature of 1° abs,, this does nut 
help UH at all, fur we never observe gaa reactions at such Inw 
foniperaturea. But if the observations are canned rjiit at 2000° 
aha., tT is two thousand times greater than k at 1°, ami we dn 
not know whetlier we can then neytect fcT or not. 
oihrr jf nyg examine the matter more closely, we shall lie inclined 

ui n J.-i:.T- to assume rather that A doea not change greatly between and 
miimiioa i« „yj ^ write— 

A| s Ao ~ Qo 

from whioh it follows that A = a^ 

If we picture the substances 03 containers of heat, and 
im&c^tte that p diminution in the lieat capacity a„, in the c<jurse of 
& reaction, ariaesifn>m the fact that a part of the total energy of 
the reaction is used up in compreaaiug tliosf aubstances aud in 
squeezing heat out of them, it follows that ouly the i>art of this 
total energy i-emaining after the atomic compression will l3e 
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available for tie oatside work.* In the simplest case where 
T = 1, ibifl remaining port, which is the reaction eneig}', may 
have the value — 

Ai — Qi — tr, 

that ia Qo. Yet even tliis tliird assiimptioa is not very satis- 
facEory. Let us, therefore, examine the aubject still more 
closely. 

ITie firat point to be noted is that the numerical value of the Tb« mIu. 
constant k is affecteLl by the choice of the unit of concentntion, '"""'' ^^ 
if Ejf 13 not equal to zero. It is easy to see the connection fttuthc 
between the two, for the term KT x 2i*7nc' in (22), as well as '^^^^ 
ky depends upon this same choice. If we espreas the ratio pflr»tare 
of concentrations ia a given mixture:of gases, first in moU per ^S«*- 
litre, (!, and then in mols per oubio centimetre, C, then — 

(R X 'S.v'lm + k)7 = (R X :S.v'lna + iOT 

for otlierwise our formula for the reaction energy of a gweoufl 
misture woiild give different results depending oa bow we 
reckoned our concentrations, which is of course im[»s3tble. If 
we call s the ratio of the two units of concentration — 



l\moi:Ulr,^ = f + R X Si'Vm 

If Si*' equals zerOj the constitnt k is independent of the 
unit of concentration. We will study this case more minutely. 
Tjet us here remeniher that while thermodynamics fixes the 
location of the absolute zero, it does oot fix the value d the 
interval of temperature which we call a degree. It is mainly 
due to chance that thermometry has adhered to the suggestion 
made hy Celsius in 1742, that tlie distance between the boiling- 
point of water, and the freeziog-p^nnt of ice be divided into 
100 parts. Reaumur had previously (1730) suggested that we 
dinde the same interval into 80 part;. As far as the principle 
ia concerned, it could just as well be divided into some other 
number of parts. Let ua suppose that we have a degree a 
thousand times smaller than the one now in use, and let us 
designate temperature measured in these new degrees by t. 
In the first place, the gram-calorie would become a thousand 

^ U seems to mo that this iilea forms llto basis of T. W, Itichorda' study 
of the relation lietween aloruic volnme, compnwsibiHty, and free energy 
{Z./. phtjg. Chamit, 40 (1902), Ifl!* ntid 5S7 ; lUso 42 (1903), J29). 
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tiiiiea smaller than the one now used, for it would represent 
the qiinntity of heat necessary to heat one gram of water from 
15° to iridOP on the old scale of temperature. Keaction heats 
would for this reason be represented by a number of the new 
calories a thousand times greater than that of the old. The 
value of the specific heats would not be altered, because it is 
the q^uolieat of calories over degrees, and the numerator and the 
denominator would change oqually. The quantity E in absolute 
units (erg X T~') ivnuld be a thousand times smaller, but in 
heat units would remain the aame> because the work -equivalent 
of the calorie by which wo divide in order to convert R into 
heat units, is Iikewiao a thousand Limes smaller. The conoeu- 
tratiou is not affected by this change in the unit of temperature. 
Now, of course, we see that the energy of a reaction cannot 
depend on what value we may choose to call a degree interval. 
Any given reaction which, for instance, takes place at the 
boiling-point of sulphur must have one and the same reaction 
energy whether we use the t or T scale for reckoning this 
temperatur& We must always bear in mind that both scales 
difi'tir from one another only by a proportionality fnctor, and 
become identical at absolute zero. Wc have juat used |„'„„ 
as uu uxaraplc of such a proportionality factor. In general 
we may call it «. Then — 

T = r X a 

If lire use the t scale instead of the T scale, the reaction 
energy remains identical only when we measure it in absolute 
units (ergs). E^pi-essed in calories it is diPTerent, heeause the 
calorie is a times as small. We can reduce the value of tliu 
reaction energy expressed in heat nnita on the r scale to heat 
units on the T scale by the relationship — 

Similarly — 

If we write our er^nation (22) first in units of the T scale, and 
then in units of the r scale, we have— 

Act) = Q«(T} - t,.T/hT - KT X Sv'/nc' + (*r„ - \-^'V (22) 
Af,) = Qoc,, - tr,W7iT - Kr X 2i/7wc' -(- (a, - \,^ (26) 

L«t us now reduce (30) to (22) by the help of the relationsliip, 
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just coDsidered, between A^t) ami A;,;, Q(T) and Q^ ,;, oud between 
r aucl T themselves. To do this we multiply (26) by a, and 
replace aA(,) by A^tj; aQo(,) by Qo\t>, and nr by T, and get— 

A(T) = QocT) - «r,T/n- - RT X ^i-Vjic' -f {a„ - jI-^,,)T 

If we compare tliis with (22), it follows tliat — 

iijTj = —ajna + fc[,) 

Thus we see that the value of tlie indettrininate tliermo- 
dynamio constunt depends on the value of the degree we chocise. 
If we choose it a thousand times smaller than the Celsiug 
interval, the constajit is greater by -^ (Te/jiOOOl, i.e. +6''.)cr,- It 
•would be especially advantageous if we could so deiorminu a 
that the coaataut became just equal to a.. The term («e— ^0 
would then cumpletely disappear, and our expression would 
take the form — 



A = Qo — uJiiT - Rr X SwVwfi' 



(27) 



Perhajjs the meaning of tlie r scale will be still tiearer from tho 
following discnssion of the formula i^Sl). According to equation 
(27), A becomes equal to Qo at the absolute zero, But it would 
be equal to Qg a second time when l£,v'liic' equalled zero nud 
r equalled 1. NoWj by a suitable choice of concentrations, the 
aciion rf mass, represented by the term ErSp7itc', may be 
eliminated, so that tliis term becomes zero. Wo thou determine 
at what temi>eralure other than absolute zero the reaction 
energy becomes eq\ial to Qo, and call the interval between this 
temperature and the absolute zero one degree. 

The question first arises whether, after all, sueh a procedure t. w. 
is in general possible. If we take the case where there is no ^^'"''',''1^*. 
difference between the specific heats of factors and products, k '%» ztw 
a^na ia also equal to zero, and the thin" we have atteraiited to '" ^."'' 
do seems nnpossible unless k, in tliis case is equal to zero, ciMh. 
This question cannot be definitely settled from a study of 
gas reactions, because there ia no gas reactioa known where 
<r, ia beyond all question equal to zero at all temperatures. 
"We can, howeverj glean the desired facts from another held, 
T. W. Richards baa shown' that the heat of reaction ajid the 

I Tb. W, Rivtisrds, Z.f, phsf. Chcmii, 42 (1^03), 137 ff. 
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reaction energy in galvanic ceills are equal when the concen- 
trations of factors and products are equal, and where no change 
in heat capacity ensaea during the reaction. We conclude from 
this that in ga^ reactions too, for the ideal case where O( = 0, 
equation (22) would become — 

A = Q - RT X ^v'lnc' 

without any t«Tm ^T making its appearance. Gas reactions 
do not contradict this ooacluaion, as we shall see iu the Fourth 
Lecture, although our knowledge may not be sufficient to 
demttnstrato that they sujjport it. Thus, if no differences o( 
heat capacity exist, and mass action is e:ccluded by choosiog 
concentrations such that — 

E X i:i'7«c' = 

we can see no good reason why heat and work should he 
different. Yet if k and the term aJnT either both have a 
finite value or hoth equal zero, the conclusiuu is justified that 
eveTythinjf deijcads on the units in which we measure the term 
a/nT. We saw before that for every isothermal and reversible 
gas reaction where o-p had the same value at all temperatures, 
we could BO define our temperature interval that (oa — k) would 
hccome ec^ual to zero, We now conclude that for all reactions 
of this class where the number of reacting molecules does not 
change during llio reaction, oue and the same tempeniture 
iuterval or degiee would fulfil equation (27). We will call this 
temperature interval a "chemodyuamic " degree. 

Starting from the deductions of T. W. Itichards, Van't Hoff * 
has I'ecently diseussi^L similar relations. In those galvanic cells, 
and consequently those reactions, where the number of mols on 
each side of the reaction equation is the sam«? (Sv = 0), he puts 
the term (a-,— A) equal to zi^t), o^r, speaking more accurately, tho 
term in hla very different derivation coiTespcinding to it. He 
did not consider tho eflect of the magnitude of the temperature 
degree oa the quantity /.*. But since, by choosing the Celsius 
degree, he got an agreement between calculation and observa- 
tion, it follows that thu "chemodynamic" degree, which 
mokes (o-„ - Jc) equal to zero, does not differ very much from a 
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' ■" FeBlscliriTt," detlicatcd to Ludwig Boltaraann (Leipzig, 1&04), p. 



Celsius degree. If this be the case, using the Celsius iltsgi-ee, 
we may write as an approxLinaJion, at leasts- 

A = Qo - a;i'U'£ - KT x SmVhc' . . (28) 

It will be recalled that it is the logarithm of the ratio a 
between the two temiierature iotervals or degrees, and not the 
ratio itself, which iafluencea the value of k. The approxima- 
tion {28) can therefore woU be a very close one, even though the 
two kinds of temperature degrees are distinctly different. Since, 
further, the effect of the temperature interval chosen depends 
on the product «p(ua, the approximation would be especially 
close when the a^ concerned was small. 

It would be of great value if wa could accurately evaluate rowibiliiy 
k and »„ in a single favourable instance. If the number of "^^ *^^''J'"" 
reacting mols did not chan^'e during the reaction, we could detcr- 
determine from it tbe value of the chemodynamic degree. If we ^'"f ^ 
then investigated a case where the number of reacting mols ilid of tbe 
change during the action, we could tell by detennining k and J^'f™" 
t», in what units we must reckon concentrations in order to make tciml. 
(flp— ij disaitpear. Were we once in possession of tbis value, 
we could predict the Vftluo of the reaction energy fur any given 
mixture of gases,, knowing the reaction heats and the specific 
heats. There are, to he sure, certain tacit assumptions made in 
this statement. We assame, in the first place, that the gases 
follow the ideal gas laws with rigour, as is surely the case if 
the temperature be high enough. In the second place, we 
assume that the difference in the spedBc heats of factors and 
products is the same at all temperatures. The latter assumption 
is certainly by no means fulfilled. 

We must, therefore, now undertake to alter our formula so AHeniili<ja 
that the change of tbe difference of the specific heats with tbe f,[pj||^||, 
temperature will be taken into occount.' Here we are con- fur 

' Tbe followiug is a v?r>' »hort d^riviiUcra of Ui« relationships bu far obtaiiiod. 
Lot khs (lie cliangG of eatropy m a reversiblf iao thermal rL-acttoii wlien T 
or^uala 1 QDil all the cociccntrationa equ&I 1 ; Lhat is, let ft be the lateiit beat 
under such comlin'ous, Then^ 

Let us imngine die faclurs to bo brought ffldiuhatk-ally frojn T = 1° lo a 
higlier tcntperature, aud then alloH^d to ivticl UuUieraiaHy. Thn i^roductf of 
the reacLioD could Uicd be cooled duwa ndiabnticall^ to T = 1°. Tiie entropy 
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fronted with the dcffioulty that we are only able to deduce the 
empirical formula 

c = *e + JT + cT^ + ... 
to express tUu effect of temperature on tlie speciGc beats, and 
that our observations are haiiUy accurate enough to allow 
us bo deturmiae mora than the first two constants, a sDd b. 
We must thei"efore content ourselves with representing the mean 
»peciJiu heats of each gas taking part ia the reaction by an 
ox press Lou — 

c, = a + &T 

Wo van th^Ti write for the mean epeclBc heats of all the factors 
(all at oouatant volume) — 

Cft««, = Sa -I- T2* 
ftnd similarly for the products — 

It tlierctbix) follows, from analogy with (2), that the reaction heat 
ut absolute zero — 

Qr = QtJ + T(Srt - Srt') + T\^h - '£ji)-) . {2a) 

cliitnge nl the liifjher teiiiperatur>e is elill k, fur the ecitropfes of all gau^ are 
coDtilant ilurbg aJLabiitic chaiig^^. The energy at T is then — 

A = Q, + <r - iT 

On tb« oUter Loud, Lbe (lifft:rcDcc <r. of the speciKc beats Is coDnect^d wiLli Ihe 
valiica of Llip concentrations at the bigher lemperature T by tie law 
governing ndiabatic changea, namoly — 

-W„T = ttx a«7f.c' 

II foltovs from tliis tliot— 

A = Q„ + (<T, - tlT - ct.IVhT - in X iKVfic' 

Any desired isothermal and revonsilile change of toiicentratiouK uT the gasos 
only alTecte Hvi vnlue of A on ih<j left-hand side of Ibis t;i|iiatiun and the 
TftUio of Iitc' in the last term nn the right-lianil sido. Q^ jindl *, Jir* t-on- 
sidorod Endependent of concontratioo mnd tempcraturo, whilo t depends on 
tliG TLihie of lli« tetnporHtiire interval and on tin; goi i cent rat wr iiujl. If 
now Sc' cqimlis ^ero, and the temperature dugreo ia so chosen tlutt v, eqiinU 
k at 1" aba., (o, -A) drops out, atid we get— 

A = Qo - ff,r!nr - Kra/Vric' 

The diuice of r haB notliing Lo do witli thefmodynamic^p but rcats on the 
exparienco or aasumptiaii that (for Sv' ^ 0) t, and i: appear and disappear at 
the same time, nnd od Ibc deduction from ihia tiiat k only depends on the 
Ya1i]« of the temperature degree if 3k' e<|nalB %etv. 
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Afl before, we put — 

Sa - 24- = v% 



and get instead of (7) the e x ;gas a on ' — 

r = Qr = Qo + *'.T + ^-T . . . (70) 

The effect of oiir changed fLssumption regarding specific 

heats upoQ the changes of entropy in cheoiical reactions may 

easily be seen from the results of our previous discussion. In 

the first place, we should now represent the heat energy of a 

gaahy— 

aT + Sr 

The decrease in the cotal energy vhich we repi'osented in 
equation (11) now takes the form — 

dU = -rf(aT + bV) ^ -atrr - 26TJT . (Ua) 

Similarly, from equation (l2) we get — 

= mH + 'IbTflT -^-pdp . . . (12a) 

from C13>— 

-dq = adT + 2bTdT + pdv . . . (ISa) 

and finally from (1-4) — 



-^i^a^ + 2m^^dv 



(14a) 



Here let ns pause a moment to consider whether we are justified 
in introducing the gas law (at this point), and so to pass to 
equation (Ion), and at the saiue time consider the specific heats 
as varialile with the temperature where tliermodynamica else- 
where assumes them to be constant. Eut, accoixliDg to all we 
know, actual gases obey the gas law very well at high tempera- 
tures, although, it is precisely tliere that theiir specific heats are 

' Th« term a" does not need the index f, smce it hns the anme value 
whether wo raeaii specific hiiat at coibsiaiit voliimo or cotifltani preBBtaro. 
T\m is due to the Tact that the ilifTerence of llie specific Ueain hnn llio 
fOhstant value R, which in itidepcti^lcitit of the temper;itiire, or moro pr««ixelr. 
iijilBjiendent of it so long as the gasea behftTS ideally, that in. obey llio 
«xpreBBioii — 

jir ^ TIT. 

E 
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known to varj' with the temperature. We need not hesitate, 
therefore, to malie use of the relationship — 

Continuiag, then, (13) becomes — 



- ^' = adlnl + 2JdT + V^Mnv 



(15a) 



and (IG)— 



^j-%i= atn^ + 2J(T^ - T.) + K/n^ . (ICa) 



r( 



But then (18) becomes— 

S = ST=t + fthil H- 26(T 



1)-E;jw . (18a) 



The further development remains the same^ and leads Co tho 
final resnlt — 

A = Q(,-o-'.T/nT-*T"T«- RTxSi.'W-f (o-V + 2«"^X-)T (22a) 

Keliition We coulJ Imve obtained the same expression from a general 

tioa'caa''!) fonnula given in Helmholtz's fundamental paper. This 
to EI<.'liii- 
bnllz's 

fnrmulii. 



ftirmnla, expressed in our notation, is — 



A = Qi - TSi + 






xtilnT 



Here x is the difference between the true specific heats of 
factors and products at T". 
If we substitute for it — 

X ^ a r -\- 2(T T 

we get, putting Ti = 1 — 

A = Q, - TSi - ffVT/7(T - o-"r* + (ffV + 2o")T - <r'„ - tr" 

If, now, we replace the reaction heat at the temperature V 
absolute by Q,, + <t'e + t", corresponding to the circumstance 
that aceordiay to our definition a\ + rr" represents tlio mean 
specific heats between ab9r>Iute zero and 1"*, we get, after a 
slight transfoi-mation — 

A = Q„ - n'JlnT - <t"T - TSi + (a'. + 2o-")T 
When we introduce the gns law as before, and put — 

Si = /; -f K X ^v'lwf 
thia goes directly over into (22«). 

We can repeat here (22fl) nil the obaervations made in 
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connection with equation (22). If the effect of mass is 
elitninatod by a scitable choice of concentrationa, s<j that the 
term y.v'hic' Incomes equal to zero, and if T is then taken as 1, 
we get — 

We can again show that the value of k depends upon the 
temperature inteiral chosen, which in this case h connected with 
ff'„ in the same way as esplained above. We coaclude. on the 
basis of our former considerations, that tlie Celaina degree is 
nearly enough equal to a chemodynamic degree to make 
a'r + o" — Ji, when the number of moleculea does not change 
during the reaction, if not exactly equal to zero, still vpjy near 
it. We shall, therefore, ia general use the expression — 

A = Q„ ^ <r',T/nT - .t'T" - RT X •S.v'ln^' + const. T (28«) 

in onr fm-ther discussion, assuming for the particular case where 
Si*' 13 ef^ual to zero that the constaut, though not equal to zero, 
is still very small. For the case in which the number of re- 
acting molecules changes during the reaction, we shall make the 
constant assume a small value by writing the formula in the 
way explained on p. 53.' We thus free ourselves, (is well as 
the present state of our knowledge permits, from the trouble- 
some couatants which binder our passing from quantities of 
beat to quantities of energy. The way in which we can know 
and eliminate them more completely has already lieen [xiinted 
out. We will append a brief cousideration which increases the 
probability that the constant vanishes iu case Sv' = 0. Le 
Chatelier ' tnade the noteworthy observation that the true 
specific heats of nearly all gases and vapours under constant 
pressure can be represented by an oxpression of the form— 

at least as a tirst approximation. As far as the gases follow 
the simple gas law, we can expect the specific heats at constant 
volume, smaller by E (l'9i8) than the specific beats at constant 

pressure, to show a similar convergence. We conclude, from 
this rule, that in those reactions where the niimlMir of i-eacting 
molecules does not change, cr'^, iF not equal to zero, is still more 

' This, of vourae, is purely lormal, llie 111^1 ort-Ti ice of *, relative to line 
reaction energy, Qot being influeaceil b; aov method oC writing ihe formuln. 
» Compt. Rmd., 104 (1937), 1780. 
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nearly equal to it than it is in the reactions where the number 
of reacting molecules does change. In case Si'' = 0, we get as 
a first approximation — 

Ai =f Qo -i- fr" — k 
Now, ff" is always a small number. If k on the r acftle 
eqiialB u", and if the "chemodytmniic" t scale does not differ 
greatly from tlie T scale, h will differ only slightly firom o-". 
So on thia groond too, "using the Celsius degree instead of the 
chemodynamic one, we are justified in calling the quantity 
(wo + ff" — At) equal to zero. 

It still renifuns for Us to tratjsfonn our expressions applying 
at constant concentmtioos into i^Uch as shall apply at constant 
partial pressures. It was shown in the First Lecture that 
jiartial pressures expressed in atmcspliei'es, and concentrations 
expressed in, mols per litre, are connected by the eqimtion — 

I) = OOSSlTc 
Substituting p for r in (28«) on this baais — 

SvVmc' = ^v'tn ^^^^-, T, = Sw7««' - Sw' . InT - Sv' . In O'OS 21 
UUoJl • 4- 

and tliei-efore — 

- IiTv„V-/n;'=r - KTSi-7n;)' + ItTSv' . /v<T + RTSi-' . ^;j0'0821 
But now, because specific heata at constant pressure and 
at cjons-tant volume difier by II — 

v'v — ESv = ffj, 
At firBt sight the sign in this expression seems strange, We 
should exi>6Ct that the quantity R^y' would add itself to ct,„ to 
give the diflferencej op, of the speciBc beats at constant pressure. 
But according to our ilefinition, wo must call the number uf 
molecules, v, of the factors, that is, of the disappearing sub- 
stances, negative^ while, on the other hand, we have defined the 
difference of the specific heats, a-V, in such a way that tlie 
specific heats of factors are positive and those of the products 
are negative. This difference of signs neoessitates subtracting 
KSi-' from a',. Therefore (28fi) becomes — 

A =i Qo - fr'pT//(T - a"T^ ^ KT x ^v'hj>' + const." x T (29) 
The term eonst,'^ is an ahbreviation for (const. -4-95i:i.').i 

' Tlia qiiaiiCity -4-1)5 is nollimir hut llie proiliict R(/nO'082I), that in, 
4-60 log OflSiil. Und we leokynwJ cuncetitraliuiis in mols per cubic 
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We slmll later use fyrmula (29) in all cases where the 
number of reacting molecalea changes iluring the reaction, and 
kvail ourselves of the device cf choosing the unit of reacting 
Qlecules as aoiall as possible, in order to Hiake the change in 
the tmmber of molecules during the teaction as small as 
possible. For Jnstanoe, instead of — 



¥ 



we write- 



This inelhotl hn^ 






2lla + 02= 2HaO 
Ha + iUa = HaO 



I'hicU will be 



certain pracUcnl signlEicancc 
discussed at the lieyinoing of the Fourth Lecture. Aa a result 
of this, the constant (const") of Tormula (29) in every case is 
expressed by a small number. 

The main point to observe is that, on the basis of tlie gas Siguill- 
law, partial pressures have been substituted in an equation '^^^ " 

iuced for a reaction takiiiij ]>lacc at constant volume, r/ii'^ p«rii«l 

rtlij /orntal /ravK/orniafion cfimifffa nothin»j in /he dcrivaiwrt. „o ^^4! 
As before, the external pressure plays no rSle. 

The quantity A winch we obtain by means of formula (2tl) 
represents, as before, thu wcrk done at constant volume. 

But is this the work which we actually wish to determine ? 
In view of the fact tliat most of our gas reactions take place at 
the constant presaui-e of one atmosphere^ must we not make a 
corresponding ch:an^ in our formula ? Examining an actual 
case, and seeing what the maximum work ia which we wish to 
determine, we can answer this question in the negative. Two 
typical examples will illustrate this. We will lirst take the 
formation of water at the equihbrium point. According to our 
fundamental conception, the reaction energy is here zero. But 
this is only true when the external work is not considered, for 
the formation of water at the equilibrium point under atmo- 
spheric pressure is accompanied by a decrease in volume. 
The atmosphere does the work pv on our system for every mol 
( — 2H3— 10a + 2HaO) which Jiaappeara. The work done by our 
system at equilibrium antl under constant pressure therefore 
has the (negative) value ^pr. If, then, we are to bold strictly 
lo our definition according to which the maximum work at the 

centimictre, we sliotild then liare obtained const. + l-alix*' log 82'1 = conirt,", 
that ia, const. + S'Tlli.'. 
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eqiiilibrhim enuah zero, it followa as an immediate conaequence 
tliat work against tlio constant presaiire of the surroundings 
cannot be counted ; that is, that the reaction must be con- 
sidered as tiiking place at constant volume. 

But siipposw we did count the work done against a constant 



fofMmmiu external pressuret what effect would it have on our formula \ 
by .1 dif. A (glance at our fundamental equation A = U — g, which at 
i!(?flniLion equilibrium becomes = U — i;, shows ua the answer to this 
of A, question. If the work done against the constant extemal 
pressure is to be counted, wc miiat^ as wo have already seen, 
add the term jjmSv' to the left-hand member. But, as ive saw 
at the heginning of this lecture, the change in the total energy 
is also greater, by fvy-v, Bt constant 2>ressuM than at constant 
volume. If, therefore, we choose to change our definition of 
the equilibrium and add to reaction enei-gy A the quantity 
lJ"Sf ', we must also add to the right-hand raeml>er of expression 
(29) for the reaction energy, the equivalent of pu2w', that is, 

If we are not actually determining the equilibrium con- 
ditions of the gases, but are mensuriug their reaction energy, we 
make uae of gas elements, na above mentioned. The oxy- 
hydrogen call described in the Fifth Lecture belongs to this 
claus. It furnishes the maximum electriwl energy A^, from 
the combination of hydrogen with oxygen. If it is working at 
Constant pressure, the atmosphere will do, in addition to this,. 
the work _pe ou the system, since one mol disappears during the 
reaction 

(-2H3 - Ub4 2HaO) 

Counting this in, the maximum work equals A,-j)i:, or in 
general equals Ae+jjfSv'. If thia term is defined as the 
maximum work of the cell, then in equation (29) the rights 
hand side must be increa&ed by UTSi''. It is, however, much 
simpler to call A, the maximum work, and to use the equation 
without change. 

All known caeea can be grouped under these two esamplea, 
and we are therefore justified in always neglecting the work 
done against the atniospliere. Forraulie (28«) and (2"J) become 
idenltcal wiicn 2^' equals zero, that is, when the number of 
molecules on both sides of the chemical equation is the same ; 
for in that case 2i»7hc' is equal to ^v'lnj)'. 



THIED LECTUKE 

ANOTUEtt DEniVATION OF TUK FORMULA PltEVtOUSLY 08TAISED, 
AND ITS BEAKINl-i UX HEAUTIONS BETWEKM SOLIDS 

"Wk Ijccauio ftiimliar in tho firet lecture wibh tbo expression — 






a) 



Qt was the rcactiun heat at constant volume and at the 
temneraUire T. From it we can now derive the formulfe which 
we deduced fruin the entrnpy principle in the second lecture, 
prtiv-ided wc can succeed in expressing the msixinium work A as 
a fuiictioti of the concetitrntions, 

Vfln't Hoff' has solved tliia pruhlem with the help of a 
reaction space wluch we shuW call the " equilibrium box" (Fig. 4). 



Ha^'r*Ha 



Oa-^0, 



HjO-l->naO 



Fig, i. 



Chemical equilibrium ia assumed to always prevail in this bos. 
The substances disappearing in the reaction are introduced 
through the aide wall on the left, while the products of the 
reaction are removed through the wall on the right. That is, 
the left-hand wall is only permeable la the factors, the right-hand 
wall to tlie products of tho reaction — as illustrated in Fig. 4. In 

> "Dte Qeeelze dea ckcmiscbeu GleicIigewichU,^' by J. H. vau't lIoS*, 
Ofltwalila KtaasikfT, No. 1 10, edited by Q. Bredig, Loipsiig, 1900. 
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thk way -we can imagine any d&'?ii'ed quantity of the gases 
reacting without gain or lo33 of work, provided only that the 
Bub^tances be put in or taken out at tlte same concentration ^ 
tliey had in the oquilibrtum mixture. If we know the concentra- 
tions at the equilibrium x*iiit, it is not difficult to detenniiiie 
wiiat the reaction energy would be at any other concentrations. 

Tiiun we uced only imagine that a sut>stanee which is 
to react is brought by an isothermal change of volume, 
with the production of the maximum amount of work, to the 
concentration wliicb it ha.s in the equilibrium box. "We then 
imagine it to be introdueeJ into the equilibrium box, nutl to 
react there -witlujut gain or loss of work. The products of the 
reaction aro similarly and aimultftuenusly removed fmm the 
equilibrium box, and aw hrought back to the original concentra- 
tion hy a similar wotbermal and reversible proeeas. 

The net i-esult of tliifi process is the same as if we had earned 
out the reaction i-eversibly at the given temperature without any 
equilibrium box and witliout any changes of concentration. 

The maximum work cannot dejicnd on tlie |>ath we take in 
passing from tlie initial to the final state. If this were the caae, 
it would I* possible, by cari-yiog out the direct reaction in one 
way and the reverse nJactioo in another, tu have some work left 
over at the end, although the tempenvtui* had not changed. And 
tliis in spite of the fact tluit everything i-eturued to its origtnfll 
condition. This statement is most significaut. But it does not 
have its roots, as we might at first think, in the law of the con- 
servation of energy, for we aee, on closer inspection, that this work 
need not necessarily have been created out of nothing. It cf*uld 
liave been generated from heat which was transformed into work 
at constant t^^mperature without any other accompanying change, 
Were such a procesa jioasible, it would by no means invalidate 
the law of the conservation of energy. Let us sec why, in spite 
of tlus, our e.xperieQcc declares it to be impossible. 

For this pui-jxise let ua admit fur the moment that lie«t can 
1x^ turned into work at constant temperature without any 
l>ermauent change. Such an assumption Would mean that it 
slioutd li>e po3sil>Ie to in^'ent Bome sort of a motor Inrnt which 
Could derive its heat from the ocean, c<:*uvert it into work^ and 
then, throagh the agency of friction, return it again to the 
surrounding ocean. Such a boat would be just as mvich a 
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perpetual motion machine as any apparatus wluoh created work 
out of nothing. Ostwald^ lias called this a jxjrpetual-motion 
machine of the second kind. 

Experience tells ua that this is just as impossible as a 
l>erpetiiaI-motii.'U machine of the fii-st and l.ieLltr-kuown kind, in 
whitili work is creattd out uf uothiug. If the iniiwasibility of nil 
forma of i>erpetual- motion macliines of the first kiud is referred 
back to the law of the conservation of enei^, we may, with 
Boltzmann.* reoynize the source of our conviction that iieqw-tual 
motion of thesecond kmd is impossible in the invariable direction 
of tim.r.. That is, our inner eonacionsnea^ can never omcoive tif 
Ume as prog;reasiug haekM'ard«. If we question why, on waking 
sleep, we are so sure that we always are older and never 
"ounger, we can only answer that, in our wurld, tilings tmnspu'o 
in a fixetl Llirection as far aa time is concerned. Direction in all 
apDcial tilings requires a special testing. If we fall aaleep in 
a coach facing forwaRl, we are by no means sure on waking 
that we iiave gone forward. The coach may have sU^od atill, 
or may even have turned about and gone in the op]X)Bi(o 
direction. A fiseil direction does nut, tlien, exist in spacial 
thinga. The consciousness of a fixed direction of time ia a result 
of e-nierience based chiefly on the oliservaliim that whatever 
happens in the world of reality does not of itself completely 
revert to its earlier condition ; it never retraces its steps. A 
a\s'iugiDg pendulum, though it be ever so finely himg, comra 
slowly to reatj and does not again begin to swing iinleas it is 
moved from its jwaition of rtiat. Friction never Irecoraes negative. 
If it did, a machine might of itself start rnnning, eooliug its 
Ijeariuga, and converting the heat tlius obtamed into work. 
Gases or liquids, once mixed, never spontaneously se[mrate and 
thos return to the higher concentrations existing before the 
mixing. Warm water, which we have prejiared by mixing hot 
and cold water, never spontaneously separates into a hot and 
cold portion. Every one of these processes, which spjiear so 
impo.ssiljk- to us as to be almost absurd, if they could take place, 
would make possible a |>erj)etual-motion machine of the second 
kind. Every perpetual-motion machine of the second kind 
would make it ^wssible for us to turn backwards tlie liands of 

I Otwald, " Lelirbucli d. aUgeiii. Clidin./' lii. 474 {W\\TaSi 1893). 
» Wird. Ann., GO {\iiTi), 3»2, 
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tunc. A ciiieiiiaLo^iiiph niunin^r Irackwarda furnishes w the 
oyi) Ji picture of the worhl in wluch time is relrograssiug. Wo 
(uiii i>icluro ttiu name tliiuy in our imaginatiou if we tliink of 
ourw'lvus fi3 lieirig iirqjected from the earth with a velocity 
greaJ.cr than that of light. Images of terrestrlLit liappeninga 
wihiIjI ihoii HLriku) mir eyea, directed ti^ward the earth, iu a 
rcvLTHo orihM' of tiuii!, just as iu the reveraed cinema tcigraph.' 
Tlioru* ^V'" w'll ""W ri'Liirn to tiie work-[>rocea3 which gave rise to 

ftflfloM thoHc ciJiwidi-TalitJiij^, and wii shall fii-st see what result may ho 
rluood (tlitiiinod in the case of the formal ioa of water from the elemeuls, 
frtmwm. nmijimir u^o of the law that tho maximum work is indei)cndent 

{U'litlCiTin tit . ^ ^ . ^ ^ 

Vhd'< (iftliti pal.h. I'\ir tho sako of convenience, wo will start fmm the 
iWHiimptinn that tho three substancoa taking jwirt in the equi- 
lilirimii hnvti tho cnnccntratioua c'li^o, l'h„, and «'o, iLt T'. The 
wiergy uhlainablis fmm thoir transformation at T' on the 
(ihaoliilo scale in case the concentrations are fu,o, "Uj. ind Cq,. 
miiy then bo rRproHontod as the algebraic sum of tlirce quantities 
iif wiiik, niiiiiely thosLs roiiuired to bring the Ha and the 0^ fiwrn 
tho eoncmitratiou c to tlie eqnilibrium concentration c\ and that 
ronuiit'd to i-etnrii the HgO from the equilibrium concentration 
tu tilt! cuuct'iiliulion c. The ttmounLs of the three gases to be 
oniiiproased or (*spinulwl ace coiuieoted by the equation — 
2H8 + Os;^2FgO 

Aworiling to our earlier oouclu«ious (p, IS), these quantities 
of work cau be ivpreaeutcd as follows — 

A(Hri *= 2U'n» ?^ for 2 mols of Ha from c, to c'h. 



A(o,>= laVn?" 
Co, 



2 



H|0 „ c'siO.. chjO 



' Tlio oatropy ihoftry, vibvn aiipUi*il tn acIiiaI Bion-reveisfble proMssee, 
Icaolicot thiit i» nil (ho vxamplcs ftdJuCod aborc ^rrivticin, JitTusion, and cOn- 
dnctiuii I'f bc«l) tlio totnl oiitropy q( bU |wrUcijv«ting systems increases. On 
tin otiuir liaiul, ' '. rwureible ^ru(,-t3«svs wliicli we shall alone coiisiiicr id 
Uw ftiCun.\ wlii: . sterns or |>artB of systems may iiicreoR^ or decrease 

tn eiitriYy, X\ir u>L il vutriipy of all [lie sysUOkS n-vuciTneO. including that of 
lbs tint rum III iiii; culurimctor ot Atiiio^ylwn; iliu's tii^t chuii.S'e. Froin this we 
duivt lln Uw vf CIausjus Klrc«'K iui«eitK<ii€d vn p. S4. W. ThoBiMHi 
(fUt, ihy,, H) 4, 304) luttt previously ^ivvd rxprnsivn to • pofmhrBod 
r<iuce|4k>i) oT th« Uw. 
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Their sum is — • 

or arranged— 

fu.' X to» r'H, X 

The quotient — 



S9 



Ch^ 



Co. 



cnio" 



= K. 



which 13 cliaracteristic of the equilibrium at V, h caiM the 
r^UiifriuM e-omlani. We may aow yenei-alize this expression 
by noticing that — 



In 



= 'S.v'lnc' 



<^H. X CO, 

We then obtain — 

A = 1:T;«K, - ETSv7uir' .... (2) 

Partial pressures may be uaetl in thu prectHling deduction 
just aa well as concentrationa, and tlierelbre we may write — 

A = ViVnK, - IVnvW .... (3) 

Yet the nuinerical value of Kp is, in general, not equal to K^, 
uDleas 2i/' is accidentally equal to zero, and hence the teroi 
"Siv'lnp' is identical in value with the term ^v'lnc'. 
It follows from (2) that — 

A 



T 



= IWnK, - ESpVwc' 



Coiubiiia- 
tion with 
Helm- 
bo Ui'b 



This can be directly substituted in equatiou (1;, and we get — 



dT 



The term — 



" rfT - ~ T^ 
dESvW 



(^) 



however, here equals zero, for neither R nor Sf' nor the gas con- 
centrations can be chnnged by a change of temperature dT at 
constant volume. Taking E out, we then obtain — 






(5) 



ee> 
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This expt'ussiou has ai;quii-e(l ihe bigliesL iiuportaace because of 
the work of Van't HofT. Integrated, it gives — 



H/>tKe = conat, 



-/ 



(TT. 



or- 



tinn of 
Kirch- 
holTa liiw, 



tiun of 

purtLiil 

juri'iMliri-M 

mttU'fiil of 

o-nnn'ra- 

tiuua. 



RTinKc= const. T^TJ^dT ,, . . (7) 

On comparing with equation (2), it follows that— 

A = RT//iKc - ET2y7vic' = -xJ^^rfT - RTSK'^ft' + conat.T 

If now we ioLroduce the value which Kirchhoff's law gives 
fur Qr (see (la), p. 49), it foillowa that — 

A = _T|52±X^J+L^^!f/T - UT^yV^i*' + const. T (8) 

Or, finally — 

k^%- rr'/r^^T - ff"T» - KTSv7nc' + const. T . (9) 

If WB wish to substitute paitial pressures for concentrationa 
iu this esprtssaiou, we first find that — 

(Here again Qt ia the reaction heat at constant volume and T°.) 
Nuw — 

AT 

is not equal to zero, for the pressure changes when we raine 
the temperature at coBfitaut volume. Ilut wo can readily fiad 
out the magnitude of this change from the gas law — 



AJl of the thiee terms — 

"rfT * 



(TT + rfT "*■ dt 



, dine' 



except the second, are equal to zero under these conditions, and 
it therefore follows that — 

dRlnK, JlISt,7f.T _ Qt 
dX ~ ffr - ~ T' 
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This espresaioD, however, is the same as — 






(10) 



Or, if we arrange the terms more suitably, and add the index (c) 
to Qt to ahow more conspicuoiisly that we mean the reaction 
beat at ooostaut volume, we get — 

rfK/7(Kp __ Q(0T - RTSr' QfpiT 

rfT ~ " f» ^ T^ 



Integration gives us — 

E^rtKp = const, -yi^^ . . 

wliich, on multiplication with T, becomes as before — 



KT/TiK, = const. T-T)^^ 



(11) 



(12) 



It further follows, just aa in the previously diacixased caae, 
that— 

A = -l^^^fll: - RTSir7«y + const. T . (13) 

On the basis of Kirchhoff's law, we now introduce the differenoe 
of the specific heats at constant pressure — 

%}T = Qji + »;! + ff"T^ . . . . (14) 
and obtain — 

A = Q» - <T';TlnT - „"T* - in^yi'ip' + const. T (15) 

We have ihua deduced again the same equations which wb 
found in our Second Lecture. It is very evident in this new 
method of deduction that, in spite of the introduction of the 
reaction heat at constant pressure (Qu.>t). the external work done 
by the atmosphere should not he taken account of. For the 
walls of the equilibrium box, in which the reaction is imagined 
to take place, although partially permeable, are nevertheless 
rigid, and neither allow the atmosphere to do work of com- 
pression upon our ayatem, nor our system, in expandiug, to do 
work upon the atmosphere. 

If we examine somewhat more closely the expression which TLc iciK-- 
we deduced in the .Second Lecture from the concepLiun of 'J'^'""''' 
entropy, the integration constant obtained here will nppear in dynaiuH- 
a new light. According to our earlier discussion, iti the case ""^ 



€2 
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of fortQula (22a) (p. 50)^ Ikis cuiiatant 

differeoce in the trae specific he&ts of the factors and products 
of a fraction aud of tlie iRteat heat, provided the reaction took 
place at T = V and nt equalized concentrations (SrVnc' = 0). 
We represented this particular value of the latent beat by the 
letter k. Thia relationship no longer appears in our altered 
method of deduction, l«ut we can easily recognize it it" we insert 
tlie value 1 fur T and U lor ^v'lno', obtaining in this 'Wd^y l"rom 
ecLuation (9) — 

Ai = Qo - 0-" + const (16) 

Acciirdiog to the futtdamenial eqtitttion (First Lecture, p. 14), 
A = \J — q. If, as l»efore, w© csU k that value of q which 
corres^vonds to T = 1 and ^v'htt^ = 0, it follows that Ai = 
Ui — k- Wo Clin hero substitute for Ui tlie reaction heat at 
the absolute temiierature 1", and thus obtain — 

A, = Qa + rr', + c" - A: . - . . (17) 

If W6 compare thia with (16), we immediately get the formeir 
value of our cunetant. (Second Lectnre, p. 50, (32a) and (28a)) — 

Const. =? a„ + 2a" "ft ... . (18) 

Anitthcr Finally, we may carry through the discussion in a somewliat 

iiir>iit«,i i>r jiu'm^nt >toy. Startiug froua the expression — 

tiun, 



A ^ U + T 






(19) 



and substituting — 

A = U + t''^. = Q r + T^^ = Qo + fr'J + a'T* + lit (20) 



dl' 



(IT 



dT 



wo dillerentiate the resulting equatiou witli respect to T at 
(Miustant volume, and thus ubtaia ' — 



I W« filiftll later (p. 80) ftrftw a pflrlicHlar foncluaian froim thia relotioD, 

rf*A 
for which we will now Infce tlic (jreJimiuary steps. ThuH, if T-,-™ = 0, the 

diffcrenco of the spcdfio beats of fHctora and products is also equal to Kcro, 

d*A 
and WW wrsa, as « evident from pquBtioa (20) and (21), Now, -rKj is the 

ichtirii;e uf Ihv lomf«riitiire coeflicivnt with, variablo teraperatupo. Wo con- 
clude, t]i«refyre. tliiit wlien:\"cr the specific lieats oFfnctora ninj pFodiicts are 

pquiil, T, lias [he fwme value nt nil tt-mpenilurcB. Tint wljerc t!ie spetiSc 




If ti\ + oT (aee p. 49) is the difTeienoe of meaa specific beats 
of factors luid products betveen and Y" at oaastaot volume, 
a\ + 2«T is the difTerence of iJie tree specific heats at oonataut 
volume and at T*. Itearrmnging — 






and iot^rating, it follows that — 

^ = -,tV«T - 2,'T +/[r)> .• . . (23) 

Now it is easy to sliow, on the basis of certain coosidem- 
tions due to Yan't Huff, that the fuiictiou of the voUiint ratios 
fiv) in this eq_aatioD is identical, except for n constant r. 
with — 

- ItSyVlM^ 

We then obtain — 



dT 



= -ffVwT - 2ff"T - R^v'inc' - x 



SubstitntiDg- this in (20), it finally follows that — 

A = Qo - fTjTltiT - (f'T* - RT:£vV/ic + («,' - x)T (24) 

heatii ^nt cuTistant volume) of facloni and products nre eq^nrii^ tlifl reaction 
heat (at coii»laiit volume) ia conaunt ami itidcpeiidint of ihu ttiiiptraliiiv. 
Coiifiequenlly, coiiatancy of renclion hoftt «t conslniit vulume BJgiiitruH 

cutuitawy of '-, at nil lotnperatiires. But -T-^. is eijiial lo ibe lut«nl hunt 
} (aae p. 19). If _™ is corisUmt, ,^; Is alao consUht M all tempcriitiifca, 

ftiiil therefore, lina]!}-, if tlie rvactioti [lent is conntaTit, ~ is uleutloaJ ill nli 

teiiipcralures, 

' A function of Uiosc variablea whicli were Lnlcen u coiiitant dtin'rrj;; Uic 
integration innkc its Ap|iearance here in plnce of the ink'gniliun •■c)tii«lniii,jijKt 
u in (he oi>rrc-s(K>nJing durivaliun of et^imtion ^23) in iIkj )''in"t L^'ctiiri.'. Jt 
ia bero a, function of the volume or coocentrntion ratio. 
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CompariDg with (9) and (18), we see (liat x =h — 2it". The 
expression {<t\ — x) is the same one which we previously called 
{tr'f + 2o" — k), and which we ohtained in equation (9) under 
tlie simple guise of "const." That it has a different formal 
appearance de]>endiog on the method of derivation is due to the 
oircumstanoe (hat in every integration there must always remain 
&u indeterminaLe constant. 

The Intent heat is, then, aa wo have already seen in the 
Second LecturBj the only remaining unknown factor in a gas 
reaction which pi-ogreaflea, or, more precisely, which can lie 
considered to be progressing, at the abaolute temperature 
T = 1° and at equalized con ceiitrat ions (Si-Vtw;' = 0). We 
ueed not again consider how this unknown ([uantity ia related 
to the vaLue of a degree on the temperature scale. 

It now reiuaina for us to learn what tnodificationa may bo 
made iu our formuhe to adapt them for special cases* Since our 
knowledge of the reaction heat or of the specific heats ia often 
most unsatisfactory, it is of the very greatest importance to 
know what thermodynamic conclusions we can draw without 
their aid. 

Tho most important of these conclusions is one which Van't 
Hoif has derived from the formula — 



K 



(^■)iK„ _ _ Q(^ 



dl 



Xs 



(5) 



He points out that the reaction heat (Qr) &t constant volume 
always changes very slowly with the temperature. We may 
therefore assume, without hesitation, that between any two 
faiily ntljacent tempemtures, T' and T", it would have the 
constant average value Q,^, Integrating (5) between these 
limits, it follows that — 



or- 



iu4^-^' = *5-(r"T') ■ • ^^^5 



Knowing the experimentally determined value of Ke at the 
temperatures T' and T", we can easily find the mean reaction 
heat Q„ between T' and T" (at constant volume). 

If T' and T" are high temperatures, not very far apart, the 
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Talne of Q« compated in tHa way mny be very different from 
the value of the reaction heat measured calori metrically at 
ordinary temperatoi-es and nt constant volume. Cy comparing 
both values, we may see how the reaction heat depends OE 
the temperature, and estimate the dilference between the 
apecific heats of the factors and products and its chan^ 
with the temperature. This method ia of <;reat theoretiual 
importance in determining or cheeking other determinations of 
the change of the specific htiata with the temperature. We 
ehall see how Bodensteiu actually made nse of it in studying 
the dissociation of hydriodic acid. In practice the method haa 
the drawback that Kjcrj and K^-^^ must he determined very 
accurately. A numerical example will beat illustrate this. If 
T aud T" are respectively 2000^ and ISUU" on the absulute 
scale — 

111 1 



T" T' 1800 2000 



= 5-55 X 10-» 



That is, ^, — =n is a very small Dnmber- The mean reaction 

heat, which in this case we may consider the reaction heat at 
l&OD^ abs., is then— 



^""5-55 X 10->'"k 



■ctlMO) 



or, substituting Brijjgsian logarithms for the natural logarithms^ 
and the value 1*98 for R — 



Q„ = 0-829 X 10= log 



K«(1 8110) 



Now, suppose that the ratio of the two constants as found in 
a series of exjierimental determiaations, which are in miwt 
caaes not simple, was really 10 per cent, too greal. Q„ would 
than come out wrong by 0-829 X 10"* log (I'l), or id roimd 
numbers, 2500 cals. An error of this magnitude makoa it idle 
to attempt to calculate the change in the specific heats with tho 
temperature from the beat of reactions at ordinary temperatures 
and Q«, the heat of reaction at 1900" abs. 

In this state of afTairs it Li natural that deterniiQation of 
Q» abould only tie used as a sort of check ^ see whether the 
values of K as found for any two tetnperatupes stand in 

K 
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approximately the right relation. We usually know enough 
about the specific heata to be able at least to estimate how 
great the reaction Iieat could be at another temperature. If we 
get approximntely the same result from the equilibrium coa- 
atunts of equation (25), then these cougtaota must certainly 
l^e[l^ nearly the rij;ht ratio to one another. 
T]ie op- While wo may uuhesitatiugty neglect the change of the 

tio'n'Muiil reaction heat witliin uaiTow temperature intervats, we should 
in thw- possibly inti'oduce a considerable error into our calculations if 
rihvBiL'B, "^^ neglected it at all tern fterat urea. We do not, therefore, get 
such a good approximation using the equation — 



Thu fini- 
iluuu^ulul 

lioti (if 

BiifTimil 
CLiUBiuH. 



A = Q, - ETSw'/tic' + eonst. T 



(25a) 



This approximate equation serves ehiefly for calculation of 
equilibria, A being put equal to zero, and 'S.vlnd equal to Kc, 
It is widely uaed in theoretical physics. Planck, for instance, 
bases atl his examples on tt.^ Its basis is a very interesting 
one. It depends on the aupposltiou that the specific heats of 
gaseous compounds are made up additively of the specific heata 
of the gaseous components. 

This suppositiou watf fiist made and defonded by Buff ^ (18G0), 
and also by Clausiuft^ (1861). Both based their arguments on 
the experimental results of Beguault Clausiua gives a table 
(/.c. and later corrected in accoi-dance with Hegnault's final 
values and publiahed as Appendix. B to his gixth paper on 
tbermodynaraics'*), in which he compares the experimental 
values with those calculated on the assumption that all 
diatomic ga&es have the same specific heat at constant volume, 
and that, further, the triatomic gases have specific heats half 
again as great, the tetialomic gases twico as great as these, and 
so on. The agreement is very imperfect. The deviations 
occa-^ionally exoeed 3D per ceut. Eeguault,^ iu his critical 
discussion of the experimental facts, therefore denies the view 
cbampiimei! by BnfT and Olau^ina, or is at least very ecoptical 
alxiut it. It h primarily an extonsitm to gases of tlje rules of 

1 For a fiiore ^«tailcd diBCiiBaiou aee ihe Fifth LocLure. 

!l EuH', Liebig's An-n. d. Chemk u. Pharai., 115 (IStiO), .301. 

' ClaUBiufl, Liijljig's Ami. d. Vhemie m. Pharm., 118 (IStil), lOti. 

< ^ Aljliandluiigeuaamiulung," BJ. ii. (Braunscliweig, l&64)| S. 286. 

■■' Mti,,. In»t. dt Frann. 26 (I8C2). 
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Neumaim (1831} aod of Kopp (1864). These rules state tbat 
tlie specific heats of *oli(l cortipoimda are toaJe up additively of 
the specific heats of the aolid constituents, Viewed from the 
Btandpoiut of the mt^lianical theory of heat, it represeuts an 
application of Bei'thelot'a principle, which we discussed at the 
doge of the first lecture. To be sure, the sisaumptiou of Buff 
aad Clausius (as expressed in 25a) is by no meMS a aufticient 
condition that heat (Q^) and work (A) (when mass action is 
equalized — that is, when Si'7«c' = 0) are identical. For, as we 
Bee in the eq^uaticwi, they differ by the t^erm coast. T. But the 
assumption of Buff and Clausius, wMch mabea the terms a',!Jht"£ 
and (t'T^ (which do not appear in equation 25fl) equal to zero, 
is one of the conditions necessary for the identity of Qe and A 
as maintained by Bertbelot, 

From the atomistic point of view wliich Clausiua took, the 
theory proposed by Buff and liimself had a still further significance. 
Clausius asked himself what effect thf heat wluch one added to the 
gas bad upon the molecules, He divided it into a portion whicli 
exerted a heating effect only, and another jxirtion which changed 
the internal natm-c of the molecule, esereising, in particular,, 
a loosening }.iower upon the forces ■which held the atoms 
together. Because of this distinction, Clausius natiu*lly came 
to investigate the limiting case where heat worked solely upon 
the thermal conditiun of the gas, and had no effect on the 
molecular properties of the gas particles. Ho was able to 
deduce mathematically for this limiting case the view proposed 
by Buff and himself. Ulaviatus therefore considered theadilitlve 
nature of the specific heats as a characteristic of [perfect gases. 

The imptirtance of atomiatic considerations in thermodynamic 
questions is very differently evaluated. Many imfwrtaut dis- 
covei-ies have undoubtedly been made by their help, and 
Boltzmann^ has shcj^vn that the mechanical theory of heat can 
be completely representee! on an atomifltio basis with the aid of 
the theory of pndmbdity. On the other hand, GibbSj^Helmholtz, 
Planckj'^ and Xlach ' have ahowu tlint the theoiy of heat becomes 
aiuipler and more convincing when stripped of its atomistic 

I " Vorleaungen Uber Gaatheorie," ii. Teil (Leipzig, 1898). 
» " TliermpJyn, StuJiyn," trans. \>y OstwaW (Leii^zig:, 1892), 

' " Ttierniodyiiamik," 2 v\ul]. (Leipzig. 1905). 

' ■■ Prinaipien dcr Warradelire," 2 Aufl, (Leiiizig, 1900}. 
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cltithing. Tills especially applies ki the work of Mach. If 
we abandon tlie atH^inistlc basis and no longer consider the 
peculiarities and movements of molecules imperceptible to all 
our senses, and consider instead those qualities of beat and 
work — tilings directly accessible to our senses corresponding to 
molar qiiantities — tlie view of Clausius and Buff loses the 
nature of a postulate, which it pmsse-^sed with Clausius, and 
becomes simply a sbatement of experimental fact. It ia in this 
aense that Planck introduces it into bis tliermodynamic treat- 
ment, while we, because nf the poor confirmation, wlilcb ex- 
periment atfoi'tis it, Jo not use it in om- gen^iml considerations. 

Historically, it h interestiug to not* that the first application 
of tliermodytianjics to cbemistr)- resulte«l from the nse of the 
Huff- Clans ins apprcuiimate assumption. 

Clausius called attention only bu the general applicability of 
the the4iry of heat to chemical reactions. We have Horstmann ^ 
to thank for the fundamental advance from tliis incidental 
observation to a fruitfid Uiermmlynamic treatment of chemical 
problems, His development lacked the completeness which 
was later attained by Gibbs, Uelmholtz, and Van't HotF,' It 
followed directly the line of reasoning adopted by Clausius, and 
practically resulted in equation (2ofT). He does act fail to call 
attention to the variability of the reaction heat with the 
temperature and to its eSects. But, standing within the sphere 
of the thoiiyht and iuHuwnce of Clausiua, he naturally aaeribea 
only a subordinate importance to this possibility. It is of 
considerable interest to compare Horstmann's treatment with 
that of Le Cbateliei, wltich we mentioned at the beginning of 
the first Lectuie. Both treat Iho same relationships, and in 
part the same examples. But almost a generation lies l>etween 
the two, dm'ing which Helmholtz and Van't Hoff, particidarly, 
bad shown the way to apply systematically thertnodynnmics to 
chemistry. The view of Buff and OlangJus is no longer euEer- 
tained by Le ChateUen 



' " AUinndlutig iur Therinodyno.mik cbcmiechcr VorgSiige," edited by 
J. H. Vrin't Hoff CLeipsiig, 1903; Oatwald's Klassiker, No. 137). Corafara 
tlie liifilork'nl observetiona of Vnu'l Huff oh p. ~'S of thw [mper, 

^ ''t>ie GcscIko den clie^mlticLen QlctchgcwidiU." Tnttislateil into th>e 
German, am! edited by Dreclig (Leipmig, 1900 ; Ostwald's KEnaeiker, 
No. IIOJ. 
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If *-e snbfltitute for c in equation (25«) as before, the ex- Ruughesi 
pression j|™, it follows that — madon. 

A = Q^ + KTi;i.7/iT - UTsZ/wy + cotist.'T 

If We conflider the term hCl fts coustaiit, wliiclj is irermissible 
within narrow temperature limits, nr if £ij' equals zero, we may 
rewrite the formula as fyllnws — 

A = q - RTSi'7»/ + ooiiat/' T . . (26) 

This expression is the one used by KoiUaader.' Applyinj^ it 
to the whole range of tomjieroture iuvulves nn approxiiuation 
which, agaiu, is less complGte than the former one, eicppt wlien 
the number of molecules on encli side of the chemical equation 
is the snme. 

Bodlandcr's fonnula calls Q tixe reaction heat ut onUnary 
Irmjici-atures, It does not matter whether we take reaction 
hent at constant pTesflure or constant volume, for we are only 
cimcemod with the roughest kind of an approximation furumla, 
Find the two sorts of reaction beats are always nearly the same 
at ordinary temperatures. The fundamental idea in the ap- 
proximation, namely, that tlie specific heats of gases at constant 
pressures are additive, is Nilder and leas complete than the view of 
Buff and Ctansius expressed iti equation (25fi), as Clausius himself 
pointed out, Itcauneilber bu fsplained in terms of tlio atomistic 
conception, nor is it compatible witli BertbcloL's priociple. 

Equation (26) has an imiMirtant cmpirica! boarin;;; on certain 
phenomena relattnl to gas reactions, particularly diaaociaLions in 
which solids and a single gns take jiart. If it weiv not for this, 
equation (26) would only Ih? of value as a rough approximation 
fomiula with which to compute, from values of the fi-eo energy and 
the equilibrium constant ohaerved at known temperatures, values 
at intermediate temperatures. To mtike this clear, we shall briefly 
discuss the ctmnection between the reactions of solids and of gases. 

Where both solid and gaseous substances take part in a \\Ti--n 
reaction, we can deduce in the same way the formula which we "'"'■^ ""'*' 
found fnr simple gas i^eaetions. Sujipose, for instance, that the juiu in Uie 
reaction — , , , , , , . 

where e ami / are solithi, were to be studied instead of a gas 
> Zntt^iT.f. Eleklrvcli<tnw, viij. (ISKS), 833. 
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reaction. We can imagine an equilibrium box containing all sis 
substances in a state of equflibrium, just as we did at tlie 
he^nnning of thus lecture. Here, as before, we introduce the 
gaseous substances a and h at their concentrations in the equi- 
librium mixture^ and draw out the gaseous substances d and e. 
in a similar way. The reaction then progresses in the equilibrium 
box without any expenditure of work so long as the supply of 
c and/ holds out, and we can, of course, consider the supply as 
indefiuitfily hi^e. The coucentrations a, h, d, and e are tJie sole 
variables. Only these substances, therefore, can be brought to 
other concentrations by isothertoftl expansion. We therefore 
find exactly the same expi-ession (2) or (3) for the energj- of our 
reaction, excepting only that the gaseous substances and not 
the solids appear in the term ^v'luc', or Si'Vkjj'. The subse- 
quent treatment is the same, step for awp, as tliat of gasooits 
systems. Only the reaction heats and the specific lieats arc 
affected by the present* of the solid substances,^ Among tlio 
cases here included theiB is one which ia of especial interest to 
us. It ia the case of dissociations, where but a single gaseou.s 
component is present, as, for instance — 

OaCOa = CaO + GO3 

1 Tlierc is an observation whicb uuglit to- be mai]ii regarding the spucifiu 
host of solids. It 18 as easy to detflriniDe the specific heats of Bolids al 
constant pressure as it \» difficult to determine tliw specific hcat^ at tionstant 
T&lume, FortuBfltely, it is of uoimportftiiL-e wliat this specific heat «l constant 
volome is, ho long as wo are only Jortlingivitii Hinijilc eiibstancca, ntid not witli 
ftolid eglntiona of varioble comi-osttion. In deducing our formiilii; (i>. 22), we 
asBumed tlic Tulunie to rsniain cohgIauI whcu n-e tiiiwd (lie tvtnperattira dT 
degreee^ for we wished the heiuiug to take pincc witliout doing work. In 
thiH wfty we ohMined expressiouB refomng to conalant vohimc or constant 
coiiccntriittons, and in which tlie specific htat at conatant voUinio apincared. 
Xow, BoHd Kiihatonce)! hnVe ench n. small cueHicient of IhcrmaE expansion, in 
caniparifiijn with gntea, that we may D'egject witliont licsitation the wurlc 
which tlicy wouhl du in cxpaiidiiig Against aay smail external pKasuro (1 
atmOBphcre, for inBtance). We may therefore put llie 8]>ecifle lient'^ of solids 
B,t cohatniil pKesuro, except when vcrj' high prtssurcB arc coDSiderec], as 
idenlicitl willi tiic specific heats, whc^n th<* solids are heated witliout Uieir 
doing any work agaiui^t csteru-al pressure. These latter speeilic heata, however, 
Rrc implied in lliermutlyiianiicid fonnulie, Bi-sides, hy determining the valws 
of the npociric Eieat of solids in n vacuum, we coidd easily realize the case 
where pmcticnlly no work waft done a^ainflt an external preseiire. tt ia 
imtuTally suppo^od that >iq vaporization of the solid substances takes place 
and inlorfcres witli IbiK deliirmination of their specific h^ats m the vacnuni. 
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Wp may apply our conclusions t<J such h reaction in the follow- 
ing way.' Lot ua iumgine a l»ox containing b^tb calcium oxide 
and calcium carbonute to bo healed to a higli tempcraturo. A 
cei-taia pressure. K^,, of carbon dioxide will est^Lblisb itself in the 
box, coiTe3]:>oadiDg to tho equilibrium of tho thi'ee gubstancca. 
If, uoAv, we imagine one cf the walls of the box to he permeable 
to carlxm dioxide, ami that through it we draw out this carbon 
dioxide at the preagure prevailing in the box, the reaction will 
projiTesa steadily in the box at the equilibrium point without 
doing any work. It will only come tu an end when the supply 
iif eaibonate is exbsustail, and we may iina^ne this to Iw as 
large as we please. If we wish to know what the loactitin 
i.-ner^' of the decomposition will be, at some other pressure of 
carlton dioxide /^coy ^'e may first carry out thedecompcisilioa nt 
the pressure Kp. as above dcsctil>e<J, and then bring the carltnn 
dioxide thus obtaioed from the pressure Kj, to the pressure /?co, 
by an isothermal and reversible process. This would yield the 
work — 

A = RT/ftKp - liT/n;jco, 

which must Iw ideniit^^-al with the reaction enei^ of the dirt't-t 
tiecotn position sought, for the maximum work is independent of 
the path by which we obtain it. Just as before, we can now 
disliico [lie rflatiiin between this reaction energy and the heat of 
deeuin position at constant pressure — 

ilT ~ P ^ ^ 

If, as a first approximation, we assume thu heat of decompo- 
sition to be independent of the temperature, we further obtain 
by integration — 



K/nK 



,p^:^^+ const (28) 



This formula is perfectly comparable with the expression (26) 
which we obtained before. This becomes evident as soon as wo 
rearrange it to — 

=s Qj, - HT/jiKp + const. T . - . (29) 

' This caae, so freiiu^ntly tlucusscrl, i'b sorrmwlijit cdmitlicateel by tho Tact 
tliat, nccorJing to lUoidt {Cmap. Rtud., 92 (1881). pp. 18fl, 1110, nnJ 14-07], 
Uio alkaline carbouateB. form besic carbonates witli carbon dioxide nt high 
teiopvmtnres. W« sUolt ddI cousider tbis aspect of die problem. 
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where the valua tells us that the reaction euei^y vanishes at 
t.he pressure Kj- 

We aan make very profitable use of this equation if we 
know the value of the constant it coutaiua. For with it-s help 
we can pass over from gas reactions proper to reactions 
between gnsea and Bolids. Suppose, for example, that we wished 
rcoctiooB, to preiUct whether a certain rnisture of carbon monoxide and 
dioxide would reduce a metallic oxide, say FeO, <ir oxidize the 
coi-reBponding metal, Fe, at a tempemture uf T°. Using the 
formula, we can calculate the partial pressure of oxygen, which 
is in equilihrium with iron aiul fenxms uxidu at T°. If, then, on 
the other hand, we know enough about the equilibrium 
CO + O ^ CO3 to tell what pressure of oxygen can exist together 
with carbcm monoxide ajad dioxide at tbeir given pressures, the 
problem is solved. TJiat is, if the equilihriuni pressure of the 
oxygen in the given mixture of carbon monoxide and dioxide is 
greater than that which Can exist in eqmUbriunL with irun and 
ferrous oxide, the iron will be oxidized and oxygen used up. 
This oxygen is furnished by the Carbon dioxide, which is thereby 
reduced to cai'bon monoxide. If the gft-s mixture is steadily 
replenished^ the reaction will continue tiJl all the iron is con- 
sumed. If it ia not replenished, then the reaction comes to a 
halt when the partial pressure of the dioxide has diminished, 
and the pai'bial preasuro of the monoxide increased so far that 
the partial pressing of the oxygen in equilibrium with them 
shall have become equal to the equilibrium pressure of the 
oxygon over the ferrous oxide and iron. It' from the start we 
"had such partial pressures of monoxide and dioxide that the 
oxygen partial pressure iu equilibrium with thorn was loss than 
tbu dissociation presauie of t!ie ferrous oxide, the latter would 
dissociate, giving up oxygen to the carbon monoxide. If the gas 
mixture ia steadily renewed, this would continue till all the feiTous 
Oiide lias been used up, otherwise it would cuane wheu the piirtial 
pressure of the oxygen in equilibrium with tho monoxide and 
dioxide was equal to the dissociation pressure of the ferrous oxide. 
We can apply the same reasoning to the transformation of 
ferrous oxide into ferric oxide and the correspoudiug transfor- 
mation of ferrous oxide iuto ferrous- ferric oxide. The more 
accurate investigation of this case which Bauer and Glaessner^ 

^ Z.f. phjfi. Chtmit, 43 (1903), 354. 
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carried oHt uatorally disclosed certain deviations, because 
the approximate assuinptinu rej;ardiiig tlie reaction lieaU is nut 
suflficieatly exact. Yet it docs not invalidate formula (38) for 
purposes of illustration. Very similiir cnnsidemtioua apply to 
the oxidi^iug or reducing action of moist hydrogen.' 

All oxidatioua by carlwn monoxide and hydrogen (or tecbiii- Oihcf 
cally by water-gua or Imlf-water-gas), and by carbon dioxide '^"^"I'l™ 
and Water- vapour, may be similarly treated. Indeed, if we 
IcHjk more closely, we see that most reactions of solid substances 
with gases can be referred in this way to a gaseous equilibrium, 
and one or more dissociation equilibria. Thus we may con- 
sider the action of carbon monoxide on molten caustic aoda^ — 

CO + 2NaOH;^CO,Naa + Ha 

to consist of a competition between the dissociation of sodium 
caibonatQ into carbon dioxide and sudiLim oxide, and of sodium 
hydroxide into sodium oxide and water, and the " watar-gas " 
reaction, as illustrated in the following reaction \— 



2NaOH Na,jCOa 

It H 

CO -f- HaO ^ CUa + Ha 

+ + 

NaaU 



E' Wo find CAAcs, eucli Ad the AC-tion of hyt^rogcn on silver cliliiriH« \xA 
bromiite, wlii(;ii lielpng iLere, and wliich Jouniaux (Comjii. Mead., 129 (IH89), 
W3; 131i (lyoi), 1270; 13;i (1001), 22S) lias »tufUe«l. Here tlio disegciation 
of tliu halogen salt intu lialogcn Antl metal is linked with Llic rovcrEiUc forma- 
tion gT the halogen acid from fitilof^ii and hydrogen. If ihc [in'ssrinj of 
liydriodic acid over any aj^uooua aolntionof hydriodic acid Ivetween O'OlS unil 
0"I67 lioriuiil Wet* known, we could easily CdlcuUte Troni Datiiicel's clcclncnl 
ni CHS lire men ta (Z. f, jihifs, C/ieinte, 33 {1900), 442) tlifi corrcspoudin;^ octui- 
Ijbriunt Iwtweeft silver iodide, Uydrogun, nnd fiyJuo<lic acid, Wu could 
further, with the help of Dodcnsteiu'ij iiieasurcmcnta of tlm Eiydriodic ncid 
etjuilJbriiiTii (to hn' (EisciBscO in titc next lecture), calculBto the dieaociatioii 
e<)ijilil>rii]m of the silver iodide. 

We BlionJd oUo nienlion in tliiti connection PtSlabon'e icivestigatioMa (_Anrt, 
Chim. Fhjf'., vii. 2& (1902) Sfifi), of the hclinvJour of hydrogen townriila the 
BiiljihideB of ihc heav}' nietalx, where the liigBociation of the aiiljihido into 
tnetAl auJ sulphur is correlated with the opihbntini between sulphur Tapoiir„ 
ihydrogen sulphide, and hydrogen. A comjiarison could here be inodi) with 
Bemfeld's measurements (Z./. phijt. CAcmie, 25 (ISM), 46). 

^ Haber ond Itnmer, ^. /. HMtivchem^ x. (1904) 708. 
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Wg might similarly resolve tlie well-known sulpliate procesa of 
Hargreavea— 

2NaCl 4- SOj + + H^Ll ^ Na^SO* + 2HC1 

into the two dissociation equilibria— 

2NaCl ^ Nag + Cla 
NaaSOi ^ NaaO + SOa 

and the gaseous equilibria — 

SOa + O^SOa 

One of these f^seona eqiiilibri!a is the basis of sulphuric 
anhydride manufacture, Llie othei- of the DeacoB procesa. 

Two solid substances, such as lime and calcium carbonate, 
which exist in a dissociatiun equilibrium with a gas, act on the 
jjns like a pressure regutator. They take up the gas when the 
pressure tries to rise, and give it off when it trios to fall. Tlius 
they exert- the same iulkionce ou the pressure as a coadeinsalioa 
jtnjduct of tlie gaseous aubsLanco (for instance, solid COa in 
presence of gaseous GOa) wnuld do. In this case the vapour 
pressure of the gas correaponds exactly to the dissociation 
pressure in the above sense. A gaseous equilibrium linked 
with a vaporization is consequently entirely analogoua to one 
linked mth a dissociation. Pelabon' has studied an example 
of this kind. It consists in the reversible formation of gaseous 
hydrogen selenida fram solid selenium and gaseous hydrogen. 
Here the equilibrium — 

is coupled with the equilibrium — 

We arc also in posaession of a similar study of the formation 
of hydrogou gulphidc from liquid anlplmr and hydrogen gas.^ 
Dissociation equilibria, therefore, deserve just as full a treat- 
ment aq gaseous equilibria. Yet we cannot undertake it here. 
We must content ourselves with considering hut one side of the 
matter, nniuely, the constant of the approximation fonnula (28), 
where the reiicLion heat is taken as unchanging. 

' Z./. j-hys. Cht,mr, 20 (18118), G5ft. 

* Bnd*ti8tein, Z.f. Fhgs. Cfiemie. 2y (l»9a), 315, and Pulalwti (^.e.). 
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We have juetilicutiou for the remarkable sttitenieot tliatTbewQ- 
this cfiQstanL has a similar value, about 33, i'or a great number rormula 
of simple proceases of dissociation where but a single gaa is (^J- 
present bt'sidcs solid subatancL's. This beicg so, formula (23) 
becomes — 

- ^ = about 32 (30) 

whw the dissociation pmsstiru uf the gosea represented by 
Kp equals one atmosphere. This number lias beeo found lo 
vary some seien units io each direction. Le Chatelier,' who 
first called attantioa to this surprising relation, found values in 
the few cases at liia disposal which were generally a trifle 
below 32, Forcrand,^ who has recently concerned himself with 
the matter, frequently finds somewhat higher values. 

The liret question that one naturally asks, in view of this 
fact, is whether the a*,Teement is due to certain regulaiities 
among the specific heats or to the nature of the dissociation 
process itself. It therefore seems advisable to examine dis- 
sociation from a somewhat diU'ereut point of view. We take as 
an example the dissociation of calcium carbonate, 

Let iiB consider this dissociation as the passage of cai'boo PisBoeiH- 
dioside from the solid, bound condition to the gaseous, free yjes^,^] ^g 
condition. It is then, as we have already pointed out, com- »"Mt>"«i- 
pletflly similar to the proa^ss of vaiioiization. Indeed, we can 
obtain equation (27) directly by treating the reaction from this 
point of view. According to Clapeyron and Clausius, every 
%'aporization is governed by the thermodynamic relation — - 



tioD. 






(27«) 



Here q signified the latent heat of va^xirizaliou, that is the 
beat Used np in thie formation of vapour, Va the volume in the 
gaseous condition, vb the volume in the solid (ur liquid) con- 
dition, and p the pressure at the temperature T. The quautitius 
of heat and the volumes all refer to one mol of substance. Apply- 
ing this equation to our process, which we may write as — 

COin^iji, hmadj -> vaporisation -> CDa^ajeoM, tm) 

' A>in, 'hi Minti [8], 13 (I88S), 157, 

■' Ann. CJ>im. Phifx., vji. 2& £1903), 384, 531. 



76 



TIIERMOD YNA MICS 



we ouyht tu obbuin the samu result as we did from our other 
conceptiou of the process, as embodieiil in equation (27). On 
CDinpaj-iny the two, we note thn.t the beat lilwrated by the 
Gplittiag off of the carhtin dioxide was called Qp in (27), while 
the heat absorbed in the same proeei^s waa calleil q in (27a). 
It follows tlmt q = — Qp. The equilibrium pressure, which we 
c-alled Kj, iu (27) we calleil p in (27n). We notice, further, 
that the volumo uf solidf buimd carbon dioxide (that is, the 
dilTereuce between the volume of one mo! solid calcium car- 
bonate and of one mol solid lime) is thousands of timea smaller 
than the volume fa of a mol of gaseous carbon dioxide under 
tlie equilibrium pressure of the dissociated mixture. The 
difference ??« — ''bia therefore not perceptibly different from ?v. 
Then, too, the carbon dioxide ol.Kjys the gas laws almost exactly 
under the couditions of tlie dissociation equilibrium where we 
have either very low pi-esaures at low teniijeratiu-es or moderate 
pressures at high temperatiu-es. We may therefore sub- 

IIT 

or, as well, for (^a — i'o) ; and, further, j^- for 



stitntc — for v 



K. 



I 'T 

— and Ky for j^. Thei-efore (27a) b&comcs— 



or, when Imtispostd — 






^~rfT 



wliich is identical with (27). 

Now, in order to pass over to the inLegrateil form of our 
equation, we will replace the inexact assumption of a constant 
hyjit of reaction by the more exact expruasion afforded by 



Ali|iliirt- 
ti<-lj;jf 

Kiri-'li- 
liufTu 

ptl^'^" Kirclihoa-a law that— 

mvnii uf 

vn|)otmL- 
tiuD. 



The difference of the specific heats which here appearsi ia the 
difference between the apecific heats of a mol of carbon dioxide 
in tlie solid fixed condition and in the gaseous I'ree conditio^. 
We can easily determine what the s]M!cific heat of the solid 
fixal carbon dioxide is by measuring the amounts of heat given, 



ASOTHER DERIVATIOS OF THE FORMULA 



n 



ufT, i-especlivel}', when we allow a mol of calcium carbonale nml 
a mol of lime» each Leated to T', tu fall into an ieeMiiUorimeter. 
In tliis wa^- we detcrmiue the mean specific heat of tlie calcium 
Carbouate and uf the lime between Ij'73' abs. and V a>»s. Tli« 
difference between the two represents the mean specillc heat 
of solid, fixed carbon dioxide over tliis inteivul of teDiperature. 
By repeating these ex|^>eriments-at other temperatures we may 
determine this specific heat over a wider temperature interval. 
In this way we can derive an expression « + hT which will repre- 
sent the mean spet^ifiL' heat of sulid, Hxed carbon dioxide l*etWLt-n 
0" obs. and T abs. There might possibl}' be still a third term, 
cT", in the expression, hut We will neglect it here Ibr the sake 
of simplicity. If we subtract fram this the expression a' -\-h'T, 
represeutiDg the mean specitic lieat of gaseous free earlKin 
dioxide at constant pressure, we obtain the value Wp' and (r"'r'. 
Subatitutinj; tliese values in (27) and integrating, we yet the 
expressioQ — 

R/frK, = ^ - a;h>T - a"T + const. 

instead of (28). 

We may again make use of Kirchhoff's law and rejjlace Qo 
by the heat of reaction at ordinaiy temperatures (about 290*" abs.) 
which appears in equation (SO), writing — 

Qk«o) = Qo + (t'p X 290 -I- ff" X 2110* 

If we substitute this expression in the precerling ef|uotirtn, 
choosing at the same time auch a temperatui-o that Kp = 1 and 
consequently E/tiK^ = 0, we obtiiin — 

- "^"fi = - ,'^/-.T + -,^0) - ,-(t + ■^) + ooast. (30„) 

The left-hand members of equations (30) and (30a) are identical. 
Conseciueudy the right-hand member of equatiuu (30a) must 
be very genei-ally equul to 32. If we exauiine the exaiuplea 
Upon which this fact la usually baseJ, we *iuj tliat Lliey arc 
either carbonates which split off carbon dioxide, solid hydrates 
which give oft' water- vapgur, ammonia compounds which logo 
ammonia, or finally oxides where oxygen ia set free by heating. 
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Now, the specific lieats of the gaseous prodacts of dissociiition 
are, according to Kopp^' aa follows : — 

Oa CO, HaO 

8-0 9-S 8-6 

The atomic heat of nitrogen in the solid fixed condition is 
imcertaiii, and the value for amrfloaift \s omitted on this 
account. The other three values lie sufficiently near the mean 
specific heats of the same subatauces in the gaseous state (per 
oue mol at constant pressure between 0" and I") to allow ug to 
assume that op and a" and the ternia coataiuing these quftutitids 
in (30a) are very small. Looked at in tliis light, the fact 
expressed in equation (30) simply moans that in the reaction — 

COg^Miij, rt,fd) •^ vaporization -* COijfgajwogB, rr^, 

and in analogous ones, the constants of the equation governing 
it have n nearly identical numerical value, and that the approxi- 
mate formulec (23) and (30) give the aame constant just because 
the terms neglected are small in the examples at our disposal. 

But if the numerical vaJue 32 is correlated to the ciiange 
from solid to gaseous state, the suggestion immediately presents 
itself that we might find the same numbet in the case of an 
ordinary vaporization, such as — 

COatfoiM. rrw) -* vaporization -> COacg»«on,.t«,) 

representing the quotient of the heat of vaporization and that 
temperature at which the vapour pressure of the solid suhstance 
equals an atmosphere. Aa Forcrand (^.t;.) has shown, this ia 
really the case. 

To make the matter clearer we may proceed in yet a 
different way, making use of a principle which has to do with 
the reaction of solid substances with other solid substances to 
form flolid products. For brevity's sake, we wiU'^U such re- 
actions " solid " reactions. We can then say that in "solid" 
reactions the heat of reaction and the maximmu work are vci-y 
neaily identical. 

Tliis principle is easily understood, because, m the first 
place, according to the Kopp-Naumann rule, the specific heat 
of a solid molecule is equal to the sum of the specific heats 

1 &Gt>cotnpilutiiiniiiOBtwa]d'B"Lelirbuclid>cr allgem. ChGin.,"!. (18^1) 932. 
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of the component atoms. Now. every chemical reacUou is 
simply a reaiTaugement of the atoma to form new com- 
pounds. If the atoms retain their original speciEc heats 
in all the compounds, then initial and final substances have 
the same specific heats, and all diflerences between the 
apeciliG heats of the substances formed and the suhstancea 
used up disappear. But, in the second plate, the effect 
of variable concentration, that Is cl' mass action, is absent 
in the case of snlid reactinaa. Bodlauder^ has tested the 
principle in a moat patent way on the lasts of the following 
considerations. It ought to requite the same amount of work 
to break up a substance io a saturated solution as in the solid 
state. Now, the saturated solutions of many subatanees are 
very dilute. Take, fur example, the saturated aolutiun -p of 
silver chloride, bromide, and iodide in water, Here the salts 
are almost exclusively present as ions. If we call the solu- 
bility of a Bait S, nieaniug the number of salt mols coutained 
in a litre of the saturated solution, then one litre of saturated 
sdver iodide solution will contain S mols of Agl, S beiny very 
stnall. The conceotratious of the two ions (Ay aud V) would 
also be S. The work required to bring the iona from the con- 
centration S to the concentration 1 (one mol per litre) is 
known. The work requirod to bring the ions from this concen- 
tration 1 into the solid elementary conditiou by dischargiug 
them electrically (decomposition voltage) is also known. 
According, therefore, to the princijile with which we started, the 
sum of these two amouuls of work must be equal to the 
negative heat of formation, that is, to the heat of decomposition 
of the solid substance into its solid components. 

In other words, we ought to be able to obtain the same 
quantity of work whether we convert the solid coiu|]onenl8 
directly into the solid compound, or whether we first bring 
them (by help of a soitable revei-sible cell) into solution as 
ions at a concentration of I mol per litre, and then dilute this 
solution in a reveraible way (by help of an osmotic machine) lo 
the concentration these ions have in a saturated solution of 
the compound, This work, according to the principle under 
discusaioa, must equal the heat of reaction of the solid sub- 
stances. In this way, Bodlander was actually able to determine 

' /./. Fhy», CKemit, 27 (1698), 65. 
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with success the solubility of many solid subatances from their 
heats of foriiiatioi]. ou the one hand, aad tho electromotive 
forces of suitable electrodes ou the other, 

HjiLer and Tolloc^ko^ have lent further support to tliia 
principle by sbowiufj that the counter electromotive force of 
polarizattuu in the eleclrolysLa of solid, non-inolten substances 
oorresponda very nearly to the heat of reactiou. 

If we aaaume the principle of "solid" reactions as true, we 
can compute the degree of dissociation and the constant 32 
appearing in equation (30) in the following way. We will not 
discuss the general case^ hut instead take some specihc ci^e of 
diaaociation like — 

CaCOa^CaO + COa 

Tiie line of reasoninjj; is as follows : We produce a mo'l of 
carbon dioxide at atmospheric pif-saure from the calcium carbon- 
ate, first at the boilingpoint of solid carbon dioxide, and then at 
the temperature where the dissociation prcBsure of the carbon 
diosido o^'er the mixture of burnt and unlmrut lime equals one 
atmosphere. In lioth casea, according to our initial assumption — 

We now introduce the approximate assumption that IT, that is 
Ihe decrease in the total energy, has the same value at the two 
temperati]L'e9. We then know, from a former discussion of the 

matter (see p. 50j note 1) that L would have the same value in 

both cases, Now, we can very easily determine the latent heat 
q of the reaction at the boiling-point of the solid carbon 
dioxide, by resolving tho reaction iito a solid reaction where 
the heat and work are identical, and a simple vsiporiaEttioii. 
That is, we imagine that the solid carlxinate is first converted 
into solid lime and solid carbon dioxide, and then that the 
solid carbon dioxide vaponzes under atmospheric pressure 
(boiJing- point = ISA'S" abs,). The heat of vaporization is equal 
to the total latent heat of the revet-sible formation of carbon 
dioxide from the carbonate, at atmoi^pberic pressure and 
194'8* aba. According to Favre,^ this amounts to —6257 caL 

• 7./. AHor>j. Ciitm., 41 (1904), 407. 

* Aim. V/,ijn,rhtfM„ (&) 1 (1^74). 250 j Beliii (7>™J« Aim., I {1900), 270) 
fimlb 142-4 cnl.p«r giniUrfroiD wliicli we gel llie viiliie cirG2G0~6ctil.|i«r mul. 
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[± 2 per cent, errcpr). On the od» hiod, A 



flit U» 



tempenUore where the csi^kid dioxide •& Atmoapheno ftvnor* 

is in eqiulibriam. witli the carbooBle, and beoee the lateat be^t 

q is equal to ibe cfaai^ of the toUl tntagf of dtaOtiatMB, or 

the directly measured heat of disflociktioii. This anKMnts to 

-42,000 caL 

„. ff . , - , . 6257 42,000 . _ 

51006 h 13 erjQAj m both cases, .„. ^ = — s — where 1« 

signifies the tempetatnre at which the preanire of eubon 
dioxide equals one atmosphen^ Theeitemal woric done against 

the atraoepheTe is neglecte«l on the ground of oar prerioas 
inquiry, which showed that A and IT nnderwcot an equal, and 
hence for onr purposes immaterial, increment of ETX*-'. Yet it 
should be observed that we have assumed the gas hiw \o hold 
for carbon dioxide vaponr at its boiltng-point nnder atmospheric 
pressure, and this is certainly but a rong^ approximation at so 
low a temperature. 

It makes no difference what carbonate we take, provided 
only the requirement Is adhered to that the specific heat of 
the carbon dioxide shall be the same at constant pressure both 
when boiuad to the base as a carbonate or when existing free as 
a gaa. Without this aasomption we could expect no agreement, 

for it is only true in this single case tliat ^ has tlieoretically 

the same value at all temperatures for any given pressure of 

carbon dioside. The quantity ^"^7-^ has the value 32'12. 

Assitmiog tiiat the beat of dissociation divided by 32 equals the 
temperature T, at which the pressure of carbon dioxide reaches 
the value of one atmosphere, we compute the following values 
of T, for Several carbonates : — 





Iteftta of ain. 






AgCO, 

c*co 

BaCO, 

Na,CU»„. 


le.soo (?) 

42,000 
56,600 
B9/J60 


&13 
131 '2 
1747 
28U 


3-tO 

1039 
1474 
2538 
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The firat of these numbers agrees witli the observations of 
Joulin,' wlio found t, to be about 225°. Tbe second agrees 
witb the obaervatiuns of Debray, who found t,, to be about 
1000°. Tlie third agrees with the statement of Forcrand that 
barium cnvbonate la decomjrosed at the liigbest heat of a gas. 
oven. In regard to the fourth, Forcrand stales that soda is 
extremely stable oven when subjected to the very highest heat. 
Still, this is not a,a certain us one would infer from Fcn^rand's 
stittement, for losis in weight certainly takes place when soilium 
carbonate is ignited. As is well known, this ia the reason for 
not heating sodium carbonate to a glow in preparing it for uso 
aa a standard substance in acidimetry. Le Chatelier foimd t, 
for calcium carbonate to be 812°, quite diiTerent from Debray'a 
value. The heat of Jiesociation of silver carbonate is rather 
uncertain. The agreement is therefore not very pronounced, 
but depends on very intcreatmg and instructive relationships, 
and seems natural enougli. In an analogous way, Forcrand 
showed that for numerous double salts containing ammonia, 
wliicli splits off when heated, the heat of dissociation, divided 
by the temperalm'c at which the ammonia has a pressure of 
one atmosphere over the salt, gives the same number as does 
the heat of vaporization of solid ammonia under atmospheric 
preasure. Forcrand showed that the same held tnie for the 
heat of dissociation of a salt containing water of crystallisation^ 
and the temperature at which the water-vapour pressure from 
the salt is one atmosphere^ compured with heat of vaporisation 
of ice and the boiliug-poiut of water. 
Vcnringon The fact that the constant of the approximation formula 
BtJe "" " i'^^) ^''^^ ^^ ^^^^ ^^^ quotient of the heal of vaporization and 
the boiling-point of the substance appearing as a gas in the 
dissociation reaction (uudor atmosphmc pi^essure), indicaLea that 
this constant has its source cbiofly in the change ia tbe state 
of aggregation which the substance experiences when it becomes 
gaseous. It also teaches us tliat the change from tUa solid to 
the gaseous state generally involves the consumption of some 
30 X Tb cal. of heat in the most various substances ; T^ being 
the boiling-point under atmospheric pressure. 

This fact reminds us of a principle which Desprez and 
Plctet stated in an incomplete way, and which Troutou later 
' Ann. Vhiifi. Phj/s. (4X 30 (11*73), STli. 
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developed iato n rulo. According to tliia rule, the quotient of 
tho heat of vaporization (in gram calories) of homngeneoua 
liquids, divided by their absolute boillng-poiut under atmo- 
spheric preasurej is likewise a conatant, and equals about 21. 
Yan't Hoff' has showu that this rule finds an explanatiou in 
the atotiustic theory of correaponding states, euunciatcd by Van 
der Waala. Forcraud's exteuaiou of the Desprez-Pictet-Trouton 
rule to the tranaition solid-gaseous, shows ua timt tbtj relation 
of latent heat and state of aggregation possesses a still more 
general regularity, and makes it seem jiossible to extend Van 
der Waal's theory to tlie solid state, I'erhaps, too^ these facta 
serve to render the idea of entropy more cwmprebenaible^ for 
the number 32, or in the case of the Desprez-Pictet-Tronton 
rule, the number 21, is nothing but the change of entropy in- 
volved in the change of the state of aggiegation under a 
pressure of one almosphei-e. The significance of entropy in, 
the simplest changes of su!>stances is therefore pntont. 
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APPENDIX TO LECTUltE III. 

Ncmst has recently pat forward a new point of view for ihc cal- 
culation of chemical equilibriti from thermal mcasurcm^iDta.^ His NornEi's 
starting-point is the assumption that for "solid" reactions (p. 78). ^^.Z.\ 
not only does the relation " — 

hold, according to which heal and work are the same for all reactions 
at abeolntt! zero, buE> also — 

This means that not only docs the product T.S become zero when 
T = 0, but for this class of reactions at 0" aba. the change of 
entropy itself is zero. Whtetber the assumption ia correct or not 

' " Vorlcsungeii," 2ncl «tlit., I9o3, p. 52. Compuro alao Nernst, "Tht-o- 
rolisclie Cheoiic," 4tli edit., p. 3*iJ8. NuiDcroua citimplea arc to be foiiunl in 
bo(h placoB, For utlier examples bco ForcrnnJ ('-c,) and Trrnibo, Her}. Ucr., 
31 (18y8), p. I5t>2, Furcraod's abjoctions to VanH lioll's views do not seem 
to me grave Qwea. 

* "GotiJnger Niicbricbti."n|" 1JI06. Alao Nemst^ " Thorniodynamies and 
riiemigiry " (Chaa, Scnlincr's HonB, Now York, 1907). 

9 AH t«nna applying to solid reftctiods may be put \n squai'e brackeU. 
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can be determine*! sololy by csptrimenfc. Since, however, direct 
oIjscrvjLtiiDnB are not posaiblc at or near the absolute zero point, the 
dcdiicticma for higher temperatures which follow h'oia this idea miwt 
Ijc kJitcd. Now, no single deduction of this nfitore can be Teached 
without the help of new hypoLhcsee, so that if a deviation occiitB tlie 
snltsc^ijuent bypotheecs may be incorrect, and not Nernst's oBsumption. 
C'onverselj-, if cxpLTiiDent fiboald seem to confirm the assumption, it 
BtilL remains nnproved, for inexactness of the osaumption and of the 
ansilifiry hypothcaes may coinpenaate one another. Since, however, 
NcroBt'a fgindamBnlal hypotheas' Is n very simple odc, it appears 
allowable to accept it as a working hypotheeis. A more detailed 
diflcnasion will be ^iven in the latter iwrt of this appendix. 
If we apply ilelmholta'a wjiiatioH to "solid" reactions — 



[A] = [Q] + T^^^ 



and put — 



own Wfiy 

of ex- 
proraing' 
tLo liypo- 



[ii] = [Q.] + [-'JT + K]'P. . . . 0) 

' NenifiL c^ipreBses it somewhat diflflretitly. Jle puts — 



-(m=.=-(m=, 



Now, [Q] denotea, nccording to Nernst, heat piiL in, wliiifl we define it ae 
heot given out. Therefore, in our tiotation — 



Nuw— 

and therefore — 



Qn the oUier hand, it fo'ljows from— 

[Or] = [QJ + ["'IT + [y']T» 
111 lit— 

a lid — 

Therefore — 

And &OEn tbo later expliiDatioEiH in the t«xt — 




KCcordiDg to ttio eEpIaualiuDs in Lectures 

[A] = [Q.] - MT/hT - [<r"]T* + [const-lT 

The specific heats arc those obtaioud by beatiag: the solid cubstauccs 
wittoat prodiaction of work — that is to any, by heating in a vacuimi. 
The usual values of speciSc heats of solidii detf^rmiiicd at tbeconstaut 
pressure of 1 Btraosphere are not sensibly different from those in a 
vacunm, and may bo taken in their stead. Equation (2), therefore, is 
identical with that wliich we obtiiined directly from Helmholtz'a 
dedactiouB (p. 5U»)— 

[A] = [Q„] - [rr'JT/^T - [«^]r + CM + 2M - [S,])T (2«) 

Hence — 

[</] + -T^^J - [SJ = [c^nsfc.] .... 13) 

Snbatituting in (2) — 

[Q«] = [Qt] - [-']T ^ MP 

we ^t — 

[Ai] = IQt] - [tr']T(l + tnT) - ili^"2V + [eonat.]T C^*) 
Now, o!»aefving timt— 

we obtuin — 

[S] = [ir']Ct 4- l"T) + 3[a-"]T + [wjnat.] 

Hence, if T = 0— 

[.^,] = [(/](1 + /jJO) + 2[o'"J0 + [cOQHt,] 

If [Sb] IB to be zero, tlen in the first place [o^] must also be zero, 
for, since /niJ equals — x. ,, the prodnct [w'](l + /'ii>) would be — ^ 
for every finite value of [(/]. Forther, for [8,] = the ooiiatant 
must also be zero. 

1/ we take [v'} = 0, it i$ the aame as saying that at the abaolnte 
aero point the hypotliesia uf Xeitiuann und Kupp hulds goud, the aura 
of the atomic beats being exactly equal tu the moiL'cutar heut. 

Then it follows from (3) that 

n = + 2M - [S,] 

[8.] = 2[.r''] 
and from (2a) — 

[At] = [Q.] " W}T {2c) 
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According to Nernat these e^sceedingly simple eqnittions hold good 
for Bolid reaclJODs, thf>ogh of conrao he does DOt disregard the fact thai 
Ibiyher terma with T* or T' may be of iDflaence. If, for example — 

[Q.] = [Qfl] + MT* 4- KIT* + [^HT* 



[At] = [Qo] - MT* " O-bltT^JT' - 0-33[*-]T^ 

Becaaaeof our insufEcient knowledge of such hijrher terms sa [d'"]!^ 
and [(t""]T'', the question whether [tr'] equals zero fa very difficult to 
flecide experi men tally. 

Now, the connection with gas reactions appears from the fullowing 
CoDfiiiteriitiona. Let the vnpoiira be in ii state of equiUhriuiq with 
the Bolid auliBtances from which they are derived. Taking a» an 
example the reaction — 

let na imagine a refereible isotherroiil cycle with this system, 
whcffihy, daring the first Btcp, S iiiola H:j and 1 raol 0^ ai'e vaporized ; 
in tlic scroiid, 2 molsof water-vapour are formed out of these 3 tooia j 
in the third, these 2 moh of vaponc are condensed to Ice; finally, the 
2 niola ice lire [lecomp*JHe(l intO' aoUd oxygen and solid hydrogen. 

Then, if we write valtiea which refer to vaporization ia r^und 
brackets, and vftluca which refer to ^aa reactions witlioat bracketR — • 

+ 2CA,0 + (A,,,) + Ai - S(A„,„) - [At] = 

[A,] = A.-Sv'(A) (5) 

If, now, the eqaation for [AtJ. that i>^— 

[Ar] = WJ - MT^ C2p) 



and — 



he true, and if t!ie thermodynamicaliy indeterminate conatant in this 
pr|natiim ta 0, na Nemst Bncrgestfl, we can calcutiibe the vahie of this 
w-iustant in the equation — 

At = Q, - <,T/jjT - ff-T' - RTSvVrt/ + const. T (6) 

provided we know t!te viihie Si''(A) completely. 
Let ua put^acconhng to p, 77— 

2(A„.) = = g(Q.,F,„) - 2(a'^„„)T?nT - 'i{r.'\,-)T 
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for the work of vaporization ' nf 2 mola soliil tiydnigeii ander the 
equiUbrium prusstire^.., and similurly for 1 mol 0^ — 

and for 2 mols H,0 — 

LhcQ we obtain on stimmntion— 

- MA) = 2CQ«,«,.) + (Qmo,) - 2(Q..,^.) 

Instea'I of iliis, we can put — 

,- av'(A) = -SrXQg) + 5AOT^"T + S^'tff'jT^ + RT5v'//7/„ 

-a>'VT (7) 

Now it maj readilj be aeeq tbat — 

-vtO = [*•]-< c«l 

"r since, on NeniBt's nBsmiipfcion — 

iherefore— M'^'.-J = <r, ...... (») 

Furtlier — 

If we replace [Aj] bj its ralae in \^f) nnd A, by (B), then (5) 

becomes — 

+ RT25v7/iy/^ - const, x T 
or from ('.i,)Bnd (III)— 

-V(A> = -MQd) + V«)TMT + V(^')Ts 

+ RT:S^7rt/j,. - wnst. T . . . (II) 
and froni(7)aDd (II) 

cotist. = 5»''7 (12) 

> lliQ letter -f sCaniJa for llie tLerriiodynainically indeterminate constanl of 
ilie vaporiKntion process. 
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The relation [Q^] —00= "^'''CQiO ^'^ **™ ™^8 "^^e of in 
this derivatioTi. It is readily obtained wlieii the cycle ia imagined 
to b(j uarriL'd out al the abi^uLutu zero, aod the keata given out uru 
anmmed up. This sum mnat he zero, aa in every rereraible isothermal 
cycle. 

The Lheriuodyriamicaily indcterminiite gas-reaction constant ia 
thoTefore found to be the sura of the vaporizafcion-consbauts y of the 
grtsefi coocerncd. 

Nernst defines his values Bomcwhat differently. Accordinf,' Lo 
hirn, the ralui; which we call y Is E{/ + inR), Our value (tr',,), 
which repriisenU the difference between the specific lieat of 1 mol in 
of Nornat. (_|,g ^^i^ gta(,e at <i**ab3. and the specific heat of the same mol in the 
gaseona ataki nt i*" ahs. and constant preBsure, /.'•. — 

does not appear Jtj Nerogt'ft equabiona. He pnta for C%^,^ the value 
" -|- R, aud for C°^wi the symbol «(,, thus — 

Similarly, according to Nemst'a notation — 

Lastly, he naes — X, instead of onr symbol Qq. 

In the couTBe of his work NemBt defines another conatatit — 

2'3IJ2C = (» ■ + inR) (13) 

Our vnlne y is accordingly given by the expreasion^ 

y = 4-57lC (14) 

(The value iTiTl is employed for R/;tUi. Neriiet prefers tliis value 
to the value +*i'i(i useil in Ihia boob.) 

The vftlidity of Ncrnst'a liuductlon depends entirely upon our 
d«eiaioQ whether or not we rau employ the exiiressiou — 

I ' = (Qo) - ^«^'„)T?/iT - ((r")T^ - RT^rt^..,. + yT . ( 1 0) 

for the vaporization of a solid. As wan shown on p. "(*, thia 

formala ia decived froiti that of Clupoyron and CluusiuiS, which holds 

ill all ciisea, wheti^ 

((«) thu 8aturafced vapoar obeys the laws of jierfect gasea, and 
ij}) the volume of a mo] iu the solid or li<|nid state is practically 

vanialifngly small com|mri^d with that of a mol of tht Mtnrnted 

vapoar. 



Tht 

boaiu ut 

NerniiC'a 
iloJuet bOD. 



APPRNDfX TO LECTl'RE in 89 

Now^ it is u welt-known fact that both these aDppositioiiB are not 
in geoerul fulfilled by saturated vapoiii'^i. ConBequeuUji' the author has 
in the Third Lectnni iiaed formnIa(lJj with great cdre. Nerostuow 
puts forward the very iotoreatio;^' propoaiLion that formnhi (l.i) also 
hohb when both sappoaitioas are but very imperfectly rfalJzi.'d. He 
establishes hts theory so t!mt he puta fyrwiipJ the empirica! relatioa — 



;Ui'.-^0 = kt(i-^) .... (16) 



for the relation of the molecular volume i'„ in the giuseoiia staitc nnd 
i\ ia the litpiid state to the rapoar prepare p„ and th^ tr-'mpcnitiire 
T of vaporixiitioii. 

j\ denotes the critical pressTire. 

Oq the other hand, he givea tlie expression — 

(Qt) = W--^---.T + (OT';(i-'^-) - - (17) 

for the heat set free during vaporization (negatire heat of rapon- 
ution). When both these eqaations liold, then the expression of 
ClapeyroQ and Clauaiia— 



-<QT) = T(r.-i-0;^ 



(18) 



bocomes converted into formula (l."») without the necessity uf uaing 
the law /«' = RT. Then by intruducing (H!) aud (17) in equation 
(_18) we obtain — 

-(Q.} + a-.-.T^{<r")T^ = ^^x'^- . . (U>) 

But t]ie iutefjTTi! of (H) is identical ffith (15) whcti we admit that— 

(cr',) = -3-3 

We obtain from ( 1 (i) the general ^as oqiiatiou for perfect gases when 
p^ becomes very small compared with the critiuiil pressure, and t\ 
cousvqtieutly very sniull in comparison with the gus volume i\. At 

the critical pressure iteelf, where v,^ ss i'„ then ST f 1 -" ] 

bi^omes zero. As fur as the relation!! at thi^e temperatures where 
;;„ is Q considerable fraction of 71^ are concerned, Ncmst ahowa 
that for benzene fluoride, which Young has studied with special 

accuracy, the deviationa of the expression R I ^ ~ / J ^™™ *^* 
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obaerved vaiue /J-"-fji — -- amonnt to only one to two per cent, of 

the whole, fcbe temperatures being O'CG to 0")*-t tiracB thu critical 
temperature {559'6° abg,). For hig^hor tempop&turee the agteement 
is mncli worse, for lower temperatures even better. Nernst testft 
equation (17) on nmiiionin {critical temperature 40i'' ahaoluLe), and 
fiods iLt 31;!'' absolute, i>. at O'TZT*, a deviation of 2^7 per cent., 
ivhich becomes greator at higher tempcrntures and vanlaheis at 
(lecreasiiig tLUnpemturea. 

No more esamplcs are given. In both cases which have been 
considered, the vnpour pcesstircs which corrtspoud to the t(?inpemturea 
of O'y-lTt for benzene fluoride and O'TiTj for ammonia arc 1 % and ] 5i 
atmos. respectively. Above 2<i atmos, the formula! are thus in both 
cases iustifficieub, Bui if it should be found that saturated vnpoursof 
all anbatimceB up to 50 atnios- obey with equally good approximadon 
(IG) and (17), whose introduction into (IS) given formnlii (1.^), then 
an important advance has Ijeen made. According to the inter- 
pretation of the author, this is a cardinal point of Nernst'e theory. 

Equation (17) coutaina the idea that the value (ct',,) is — S'o for 
bU substances. This means thnt the specific h^jats of iall gases at 
ab&olutc 7.eri) exceed those of their condensation prodnrts by 3'5, 
whilst, as is wetl known, the apecitic heat of saturated vaptuira ia 
iiauatly li.'gs than that of their condensation products. Nernst 
characterizeB this as a preliminary aasutiiption, ttue proof of which 
ia wanting. It secma that up to now only Dewar ' has determined 
the specilic heat of gases in the solid state at very low temperatures. 
He found tho specific heats of — 



Tlie specific beats of these substances in the gaseous state at the 
same tempeniturc are probiibly Bnmller. 

Thu Value {a") which occurs in equation (17) ia deduced by Nernst 
in the foHowmg manner. Let T in (17) be a temperature for which 

f„ 18 only B amal! fraction of Wt, then the terras a-ST'-" and 

{c/'yV^ are so small that they may be neglected, and (17) can he 

■nrilten — 

' aemiWJVfw., 92(1905). 
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Oo diffeTentiatin^ with respect to T, we obtain — 



ffr 



in 



Now, the last term on the right-hand aidti is Binallf and in order to 

dp. 



'i]tng to (11^), by ^^ X Of. naing the gaa equation 
■* ''it 



obtain an approsiraation, we may replace ^. -nhich is equal to 

"^'^^'L .flcconJ 

' for I', — 

RT 

'^/in. _ (QrV» 
whence it follows that— 



RT^ 



^-t>=-3-5+2COT+^W'^x'^ . C-^0) 






p. 



If (Qt) and ^«f- are known for any temperature T, ub well aa yj,„ 

and the critical pressure p^ the values of (o-") and (Q„) can be obtained 
with the aid of both equations (17) and (i'<i). When (Q„) and Ctr") 
)]&Te been found in this manner, y t-aii bu easily calculated from 
formula (13). The reliability of thia y value, Lo be sure, depends 
entirely upon whether the value —3-5 for {v'\) can be accepted 
aa correct. 

XeniBt still further extends the hypothesis based on this assump' 
tion regarding relatioQahip at the abaolat*^ zero. He; concltidea, with 
the help of ihe kinetic theory of gaseSj tliat the monatomic gases show 
at ull temperatures the Ramc nitlo of the specific heata at constant 
pressure and constant volume, namely I'f.fi. Therefore the value of 
their molei'uiar heats at constant prcssarc and absolute zero is the 
same as at all other temper,i tares, nauicEy j"0. Now, since he pnta 
((t'p) = — :t'.%, the molecuhir heat of a monatomic gubetance iu the 
solid state at absolnte zero must be !'•% because — 



and— 
therefore — 
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But if all moDBtoinic siibsbaticea at 0^ (yb^-) kav^ the specif*: h&al> 
I'a, it then fullows from the previous aiippoaitiou, aocording to whicU 
Kopp'a lawLolds for sill solid suljatancea at T = f>, that the molecular 
beat of an 7i-atoiiiic solid substance (T = 0) is ' — 

and it follows tiiEit the molt'cular heat of nn /j-atomio gas at the 
abaolnte zero and uader constant pressure is — 

3-5 +" X 1'5 

Accordingly, for example, the specific heat of a dintomic gjis Buch as 
Oj ttnd III at constant presanre and T = wonld be— 

3-5 + 2 X 1-5= 6'(> 

nnd for n triatomic giw, 0.j. water-vapour — 

3-5 + 3 X 1-5 = SO 

The reaulta of this conception aro voi-y wido-rcaching. If the true 
specific heat of a f;aa at niiy temperature and conataut pressure haa 
been uieaauied, we can de^Iuce the mean BpeuiHc heat of the gas 
between 0'' ftba. and any tempemture which we please with the aid of 
the value — 

0°^ = 3-5 + JJ X 1-5 

Assnming tbat the mean specific heat is a linear function of the 
tetnperature — 

(3-5 + H X 1-5) + *T 

Hereby, however, one meete deviations from csperimenfc either due 
to tho fact that the eipri^esion — 

fT^ i= 3-5 + w K 1*5 

is not exact, or to the fact that the apeci£c heat is not a linear 
function of the temptnitnre. Ou the other hand, we ctm obtnia 
values //(o") fl'cim uquationa {:3l)) and {17), and, knuwiug the Bi>ecific 
licata of the atiturated vapouns, wo can deduce the specific liaita of 
tlie toBdensation products. For the same reasons we should also 
expect to find deviations in this ciise, the extent of which cmild 
only be deturinined aftet more accurate investigation. 

Now, the points of view which have been developed are not 

^ For viewB and expcrimeiiift] facia canccruing the Bpcnific bfiat^ of solids 
n.t very luw tcmiieratnre, bco Van't Il&ff, VW^eaiinffeH iiher tkeortitBthe iiad 
ph^ailcaiiic/ie Cktmie, 11^!)^, vol. iii. § 4,8; and Forcb an*! Nordmey«r, l)rudL''B 
Aan,, 20 (1900), 4aii, 



SDtlicicDt, even prcsappoBing their correctness, for the cnlcnlatioik of 
y iu the cases which are of most importance. It is precisely Lbose 
gascB wbicL chiefly take part in actnsi gas reactions, the Bo-callud 
pernmnent gases, whose cribicul poiDts lie so low that up to the pi-csent 

Bnfficicnt eitteHmcfital information rcgnrding (Qt), - y^ , and ji, 

has not Iwen gathered for ua to calcoUte (Qn) and (a-"), and these 
arc eseciitiiilj act-ordiii^ to formnht' (17) luid (20), to determine y in 
formnEa (15). The whole dcdactiou can only be Bemceablc for 
the DOTrierical evalaatioQ of the thermodynamiaiUj indetermiuato 
constaats when a further relation is fowndt which will render y nccea- 
Bihlc in liiis case also. The method vfhich Kernst adopts for this 
purpose ie a vci-j' iotcrcsting one. It i^ g^^'Di^ra^lj acknowledged that 
the vapoar pressure }t^ at a temperature T could be calcuhited from 
the critical data T, aiid ;'i in an identical way for all Eubslances 
provided we possessed a safEcientlj exact cbaracteriatic equation of 
the et&be of univ^et^ applloibility. The characteristic equLillon of 
Tan der Waala — 



(;' + ^'>-J) = RT 



is not sufficieiiLly exact, and a non-arbitrary dediiciion from a 
' ttieoreticu.1 considei-ation of a more esuct exprcsBJou is not poseibie. 
Under theee circunistances we mast have recourse to empirical 
approifmationa. 

We Bhall^ however, simply suppose that iin exact formula does 
exist, which would take theoretically the form — 



x-m 



(21) 



Here /»» denotes the critical pressnre, and Tj the critical tempcmture, 
/ a function whoae eiact nature is unknown, as explained above. 

If /( frr) were known, we could express j)„ in terms of /(ttT ) and 

p^. But now, with the uid of (l.'i), we can, according to Nenist, 
ealcalate p„, at least for values of T which do not lie too near 
tlic critical temperature. This means, that tlie equationa (21) and 
(15) would give the same values of jj„. Consequently the vnlntd 
(Qi.)' (O- ("')» ^"'^ t* ™lii<^b deterrainu tbe value of p^ in 
(ir>), would be connected with jCtaud/( =^j in sacb a way that they 

conld be cxpreeaed by them. For this lictitiuua case y could also be 
calculated from tbe critical couStaQta. 
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Now, Van der Waala has incidentally proposed — 

fta an empirical approsiraatinn. n denotes & conatnnt. If we assnrne 
this approximation b8 Bafliciently Giact, then y can bu calculated 
from a, T^, and p^ accordiDg to [22} and (Ut), Thia U Ncrnst'g 
intcrpreUitioD. He puts^ — 



l-lfl = = 



4-571 



or (roundiug: off eliglitlj)— 

y = ba 

Tliis KJmple numei'ieal relation between a and y is, bowever, mvl 
directly capable of proof, because the formnltb (ift) and (tJ) cannot be 
brougbt into entire agreement. This is readily eeen on transforming 
(22J iflto— 

fnjj,^ - -2-802rt-^*+ 2-302(«+ logj?,) 
or written otheTwiae into — 

=s -i-571 X fi X T^ - RThqi^ + 4-571^f + lot,^^).)T 

If we nowtompare this witb (15) wo come to the contloaion that, 
were (a',.) and (tr") xero, i.e. U tlie vaporization beat were independijut 
of the tomperuLiire, (Q„) would bavc tbe value — 4\'>"1 X c X Ti» 
and y tliL' value V'>71(/i + lo^ j',,). Tb^n i^h*: two exprcsaiotis would 
be the same. But eiperi mentally the values (a-'j.) and (V) are not 
z£ro,Bnd any campariaon at all of (lij) and (22) is difficult, sincQ (15) 
K-xt^B letter iTiLh csperrtnent the further we are below tbo critical 
temperature, while (22) is most accurate in the immediate neighbour- 
hood of the critical tcmperatiirt^'^ 

The relation of (Ift) to (22) becomes Still clearer after another 
nlgiehmic transformation. If we refer (15) to the critical point, 
thus — 

l> = (Q") - (<';)T»''.T, - (<r")T,' - in\lni,, + y% (150) 

and anbtraet (1&) from (15«), after dividing these eipreeaionB by 
KT and KT« respectively, it follows that— 



log?=- 



iU 4;>71T 

If we put— 






m - -4-:i71hT, 



Bamc 



Bat this ifi identical with (32) only when (»',,) and (a") ore zero. 

Still, an approximiti; agrecmuat is at least coDwivablc v,-\icn 

(a' 1 T fi^'YT / T\ 

the terms ^j.*"- lo^ m and ^""'(^"t) ^'^'''^ nearly the 

Vdlue, hut opiiosifcc sigua. It ia then to be observed that (a'^,) imd 
(a") cither cdQQob Id the least depend on the nature of the anh' 
BlBDce, or if they do so, they must be fanctiou& of T„ /»„ and n 
which have the Mme forni for nil suhfitanoes. Nertist how piiLa 
(fl',) — -3'^ tentatively for hU substances, aa hai been formerly 
tneutionud, and also— 

aud finds from the resulting foruinlA — 

ftpproximatt'ly the same TaUiea for log f^ aa from (2^1) whefl a lu (23) 

is chosen only slightly diffewnl from tt in (22). 

Now, the values of ft in general are somewhat uncertain. Accord- 
ing to Van dcr AVaals, who brings forwaTd much direct and indirect 
eridetits In favour of his view, « ?hould have tlie Kime value, 
namely 3, for all substancea. Kamaay^ ami Guye and Kalkt* 
ahar^ in this view when [Mjlymerizatiou doeB not interfere, 

KeruBt. represtnte the n.'snltfi of observation graphically, log - 

being taken as ordinate, and (r|f— l) as abscissa, Uul he does 

not obtain by any means the same line for nil substanceB. He finds, 
on the contrary, that ii is hirger for higher molecular weight or for 
a greater nunaibcr of atoiue in the molL-^ule than for smalter molecular 
Weight or a sumller nnmber of atoms in the molecule. The ralues of 
a vary from about 2 to 4, and therefore Ice aronnd 3^ the valne which 
A'an der WaaU thinks yught to apply. But it is further to be obaerviid 
that the lines for one mid the aame Bubstance an: not straiglit, 
but are a little curved, so that formula (i*?) ia by no means an exact 

' Znt*chji/i f. phytic, diem., 16 (1894), lOG, 

' Archive da Mcimtma jihgaifua et natvrdka, Oetiiot, (IV.) 13 (1902), 0€. 
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expression of the facts.' Under tSicee circumHtancea Nernst makes 
use (if Lhe Fi>nowmg expedient. He catculcvtee ff from (22) for tem- 
peratures between 0-Sl\ and n-viT*, where this formula agrees com- 
paratively woll with experiment. On thu other hand, he calculates y 
(thttt 18 bo Bay, hie constant C, ivliich cDircBponds to our y) from 
(15) in the way previously described, and obtains in this manner 
the rclfttioa y =: jicf, which he iiccepts na valid in all cases. The 
exact detiilla of this calcDlaLion hare not yet been commautcated.. 
The foltowiiifx table for Various valnes of C contains the teaolts. 
The author baa phiced the values of y beside correspondiDg values 
of 0. 
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c 


T 




c 


y 




2-2 


3fV0 


CO, 


3-2 


146 


2-5 


11-1 


^'1I, 


3-1 


142 


N, 


2-(J 


n-t) 


3-3 


15-1 


o. 


2-8 


12-8 


ir,o 


3-7 


ItiH 


CO 


3-6 


lti-5 


CCl, 


3-1 


142 


CI, 


3-0 


13-7 


CHCJa 


3-2 


146 


I. 


4-0 


18-3 


C„H, 


3-1 


14-2 


UCl 


3-0 


137 


C,Hj,OH 


4-1 


18-7 


NO 


about 3-7 


16'9 


C,H,OC,K. 


3-3 


15-1 


N,0 


3-3 


IM 


CUjCOUII, 


3-7 


169 


II.S 


3-0 


13-7 


CJIaeOOCjIi, 


3-8 


17-4 


33 


15-1 
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If we DOW cODBider the relation of Nernat's Lnterprebttion to that 
in the Second Lecture, thu followiDg m&y be noted : — 
The hypothcsie (for aolid rcactiotts) that 

[SJ = 

ifi of prime importaDcc. If in a syBbem of rectangular co-ordiaatea we 
plot T as aliBciiiSie and [A] aud (Q] as ordiuaLcs, wc obtain two lines, 
according to Ncrnst'a equations {^t) and {\h), which converge at the 
value [A,] = [Qn], without infceraectlng. It is important to obaerve 
that the directions of both curves become moic nearly piirallel to the 
astfl of abscisBW the nearer wc approach the absolute zero. However, 
if we take for [A] eiiiiation (2), nnd for [Q] equation (I), where [w'] is 
not zero, we then obtain two linea, which at higher temperatnrca run 
similarly to thoee in the case above, and also meet one another at 
the absolute z.ero. But they show a difference in the neighbourhood 

> Ilapiiel {Thiidt'i Ann. d. Phjsfk, 13 (1D<J4\ 340) finds, loo, ibat a. \« 
dependent upon iLe tcmpeiaturc. II. v. Jiiptncr {Zeilathr. /. phytik. t'ficmie, 
55 (!!IOC)) comen to Lho saidc conclueion. 
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of tlie ftbaohite aero. The curve for [A] interst'cte the curve for 
[Q] very near tin; nljaolulG zero, tbi-u bends aiiJ luLTts the carve for 
[y] at the absolute zero itself. In the forujer case tlio imgle of 
inclination of the two rurvt'S ^t tbc meeting'- poicL, T = (', is aero; 
in the lutter case It i& about W'. That ie to &aj — 



and 



liuj(^'^) = cotiat. - tff'2(^n« + 1) = - 



Nemst's further sMppouitiou regarJiDg tlit.' apwiBc heat of 
reiidtra it Qucessury thivt the tliffercnce of the Rpecific heats at the 
tibeuhite aero (o'^ or ti\) be zero m all those gas rmctioDB where tha 
ntimbt'r of snbatuncts which iire fonued i» equal to the ttUmber of 
those which drsuppeiir. Now, Bificc the size of the degree interval 
of the thermometer sc;»!e has no effect upon the tiieriiiodjiiamiciilLy 
indeterminate cuustantsof gas reuctioaa except in those reactions where 
a, docs not differ from zero, we can no longer retain the dedoction 
developed on p. 45 if we accept Ncrnat's hjpothesia. The idea of 
the ittfluence of the degree intcrvul ia based on the eTidence produced 
by Tti. W. Richards and Van't Huff that the Lhermodyctuniieally 
indtterminiitc conataut bwomes zero when the appearing and dia- 
appejiring suhstimces possess the siimQ apecitic heat. Tins proof does 
not appear to be conelusivL- iu the lig^ht of Nerust's iaterprttatiou. 

If we ivturn to the iiaual approxiuiabion {p. (SO) formerly 
made in theoretical physics, accorcHog to which the nt<smnption of 
Butf and Clausitis holds, and the heut of gas rBsctione ateonstaat 
volniue is indi'pi'tident of the tenipernture, then the reaction energy 
ol gaa reactions may be written (see p, 6!>) — 

v\ = Q„ + RTSvVhT - RTS^Vn/ + const. T 

When the nnmber of dieappcaring mols exceeds the number of 
those formed by 1, then— 

A = Q, - liT^ftT - miv'fn// + const. T . {ii) 

Nemst's exprea&ion, on the contrary, is as follows : — 

A = Qo - 3-5T/«T - ff"T^ - RTSr'/ffy - VyT 

Kow, since w" is amall, but generally not sufficiently well known, 
Nernat recouimeods the following approximation i — 

A = Q, - yvT^iT - Ki:s.^'lHfj' - Sy'yT 

H 
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This metms that the conetaiit of the formula (21) is approximiitelj — 

cotiBt. = — 5v'y — r5/?(T 

The calculaUone of former phyaiciaLs caaio this waj be conveniently 
compared with those of Nemsf,. The theoretical basis, however, ia 
quite differeut, becanBe Ncrnst's approximation does not agree with 
tlie assumption of Bod? aud Clausins. 

The carditial point of Nernsb'a theory lits in the hypotheaie- tliat 
the vapour-pressure curve can be represented by — 

= (Qb) - ('^'p)Tf»T - {p")1-' - RTinp„ + yT . (15) 

iilthongh the aatnrated vaponra do not ohej the gas law, which is 
all that haa been used till now in deriving: this formula from 
the strictly valid formula of Clape^ron and C'lausius. The vapori- 
zation constant y, and further the thermodjnamically indetermitniti- 
couatant for gas reactioiifl, can only be deduced with the help of this 
hypothfels from the vaporization coaetanta of each of the participating 
u;aseB. The starting- point of this is the empirical formula — 



p4t'--t'O = Ex(l-0 , 



On differentiating formula (IJ), we obtain — 

lCQ»)_(0_COT 

Kf 






(16) 



(ISffl) 



K R 

But according to ClausiuB and C'lapeyron (ace (I«), p. 8ti) — 
-(Qt) -T atj>„ 

From this it followB, if (15) and consequently (15^) are correct — 

__CQt) __ Q^ , W , (OT 

On applying formula (16), it follows that — 

(Qt) = 1(Q.) + C0T + (0'Ki-^^) . (25) 

If these empirical espreBBions (16) and (^5) are further confirmed by 
experiment, an important perfection of our knowledge regarding 
the vapour- prcBsuro curve haa been attained. 

The vaporiraition constant y takes us back finally to the atatements 
of Troutou and Forcr&nd. 

Xenigt puts forward the ftftme formula which is given as 
fnrmnlft (30«) on p. "7 of this book. But he does not assume 
that the terms containing (ff^) and (ff") compensate one another, 
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giving zero ; according to liitn, the cooatiiat of this espreaion, tberc' 
fore, does not become about 3ii. He pnts — ::li"5 for (i'^), accordino; 
to liis former hypothesis. Further, he pats for (»") a number 
obtaiD'cd from, the obserratioiis of the speciflc heats of gases, rtnd fur 
the oonBtant he pnts his y vahie according to the taUo yiyen above, 
based on bin h^othesiti regarding the valuca at the aliaaluto zoro. 
la this wflj lie actuiilly obtaipR, for GXiimple, for the ammonia com- 
pounds of the metallic salts the observed value of aSforri,. He ttitii 

ptita geQerally, ntglecting terms with o-" and the factor — a'^ -" 

where T,,^=, aif^ifies the tempcratnre at which the vapour pressure 
Lii eqnid to 1 utmusphcre — 

— n.— = 3'jmi + y 

as an approximation formnU, Since the values of y, accocding' 
to the table, lie iti the neighbourhood of 137, ft follows that 

- \^ eqaaU- 

2J»-7forT= ]U'> 
S3-6 „ = 300 
35-3 „ = .")00 
,177 ,. = 1000 

Atcofding to Le Chntclicr und ForcTand, as has been pointed out 

earlier in this work, the valnes fonnd are about 32, with variations 

of ±7. 

Thoa the nnotieiit - rir^^'^^ does not appear to be constant, 

bat has different values according to tlie tcmpemtarea for which 
/;„ = 1, and also accoi-diiig to the y valuo of the suhstmce. The 
same applies to those analogous quotients from the heats of yaporiza- 
tion and absolute boiling-points at atmospheric prtsaurc, the constancy 
of which liaa been maintained by Deaprez, Pictet, and Tronton. 

The application of Kermt'a hypothfsis to the gas reactions leads 
floally to the following numerical feipreasione, which satisfy the 
measHr^inentB carried ont on the gas equilibria concerned :— 

A = 57^SUO - r7ftT/«T - OuOOST^ - RTM ^^?^ 

+ 0-4(>T 

1^ - i7,aoO + 1'76T -I- O-0UO3T" 




4HJ4U 




1 



100 



(A) 
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-^■2T 

(0 iN',+ iO,^NO+A 



A-0 Xi>i, 



;'ku 



A = :.'i,tJmi - i)-ooon'^ - R17« , ^ . 
Q = 21^600 + O'OOOaT' 

C'O 4H. + *CU$HCH-A 



+ 40T 



A=22,000-RT/h j 



?'Hn 



/'h. X i''l. 



+ 1-8T 



g = 22,000 

It. U litre as&iiined that the lit'at of formation of hydmcbloric acid 
giis does Qol sensibly alter wiLli the Lempomturt;. Tbia asamnptiou 
K ctrtftinly nob iu baruioiij nith the observalLotis oa the epeciliu 
LeatB of the gaaes. Ntmst, however, n^Bitmcs that the value for the 
epecilic licat of chlorine Jis iafluenued by deviationa of this gi\z from 
the g^as laws. The thermodyiiaaiically mdetcrminatu coBataots of 
thcBe cH]Utttious follow for those four c.\aes from the fortnei' table aa 
follows ' : — 

(") yiw. - y-, - ivo, = nJ-9 - 10 - «i = u-i 

('0 7^., - 7l« - \y,H = '*''f - i'-'*' - li'^ = "S'iJ 

(0 Vs:» — iyi>, — iysi = nbont lfi-9 - Ci--t - 5'J>5 = about 4'55 

The valuos of the thcrmodynamicany indctermiuate conataut 
Batiafy iu all four caaca tlic nDeaauremeotH which havs: been carried out 
on the ^'LK efjjiilibria concerned with perfect cxactntsg, Since the y 
valuca have been obtained from the valncs of n in an approximito 
manner (by multiplication with Tj), and the values of a theuiselvea are, 
Etfi Nernst empkiBizeH, uncertain toBome usleiit, considerably different 
values of tllC thermodjnamically indot^lminiitG COfiStHlat would Qob 
ucceesarily contradict Nemat's cnlculations. 

As a final example Ncmat gives — 



A = 12,00l> - 3uT/jjT - KT/« rv' - -- 
Q= 12,000 + 3'5T 



11-3 



' Small diU'crences iu the foreguing &viA follQ'WiDg values arise only fiom 
t'bundiug off in the Cttlculationaof r fromC, aa given in the above table. 
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This expression only claims approximate validity on account of the 
omission of a". It gives for the dissociation of ammonia at 893° abe. 
the valae which has been experimentally found at 1293° abs. It 
would be very interesting to determine whether the tbermodjmamical 
indeterminate constants, which in this way result from the 7 ralnes, 
satisfy the observationB on other gas reactions. 

It is certain that Nemst's system is the most interesting and 
comprehensive in this field. 



FOURTH LECTURE 



Geneml 
liou. 



EXAMPLES OF HEAOTIOKS WHIcn PBOCEED WITHOUT A CMAl 
IN THE NUMBER OF MOLECULES 

We will uow imdertake to apyjly the relationships we have just 
deduced to a few example^?. We must, however, preface our 
remark:^ by an observation of a general nature. 

All Lbe reactions to be ccnaidereJ are reversible. We may 
therefore write them aa though proceeding in both directions. 
As, for iustaiice — 

Ha + Cla ^ 2HC1 (1) 

or 2H<_'1 = Ha + Cla (2) 

Whether we get a positive or negative value for the hflat 
of reaction depends on wliich dii-ection we choose. Our 
definition of the eqidlibrium coustaiit also depends upon this 
same choice. We can, for instance, ia the case just cited, 
consider either— 



CSic 



Ch, X Cci, 



i- or 



Ch, X C 



ci, 



C« 



HCl 



as the equilibrium constant. The former corresponds to 
equation (1), the latter to equation (2). Om* choice here is 
eutii*ely fri?o, and we find no fixed usage in the literature. I 
shall therefore choose, onoe for all, the formafiou reaction as a 
stsirtiiig-poiiit — that is, in the case just considered, the reaction 
represented by equation (1). 

On this scheme the eompomids always appear in the nujnerator 
of the equilibrium constant, and the componeiiix in tlie denoii;i- 
nator. The heats of reaction are thus always heats of formalion, 
and not heats of decomposition. A further simple consequence 
of this is that large values of the equilil'rium constant alwtiys 
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indicate very complete combination, amall values far-reaching 
decomposition. 

We have a further choice in tlie number of molecules we 
take. Tlius, the equation for the fi:irmation of hydrochloric acid 
may be written either as— 

Hg + Cla = 2Ha 
or ,3H3 + JCU^HCl 

In the former case the heat of formation is that of two moU 
of hydrochloric acid, in the latter of but a single one. The 
eqoilibrittm constant in the first case would be — 

Cflci 



in the latter — 






Both are eq.ually admiggible.^ I prefer the aecond, because 
the equilibrium constants thereby acquire convenieat values. 
I believe that tliia advantage shoukl not be uaderestiuiateit, 
In mauy instances, such a^ iu the formation of sulphur trluxide, 
one can see at a glance many useful relatioushipg, providrd 
the equilibrium constants have low and convenient values.'^ 

Since we are only considering casea where the reaction 
pi-oeeeds without a change in the number of molecules, it is 
immaterial whether we use concentrations, per cents, by volume, 
or partial pressurea in our calculations. Further, it is mure 
probable here than elsewhere that the tbermodyuamically 
inde terminate coii.-jtant whicli we discussed iu our Scuond and 
Third Lectures would be zero. 

The difierences of the specific heats of the appearing and 
disappeaiing gafies are liei'e the same at constant volume a» at 

< In the first iiiatancD the eqiiilibriuiii constant iB diuply the quotient of 
llie velocity ooiiatiiDte of the formation ntiil decijmpositiun reaoHona ; in llie 
Becviiil, it 19 th« sqiiure root o\ tliis ({uotieiit. The pi>dagogbC advantage aecur^il 
in the' first instance for tliu comparative trentmuut of vetouity uuJ eqailibriiim 
conaUata does not aefira to me very importiinl. As far oa the computation is 
coucemed, the roots can be v^ry oonveciieutly Landled by tucans of tbe Inbles 
given in the five-pUce logarithm tables or F. Oiuss (Halle, 1905). 

^ XntbtucoRneclionaeetheBtatfiinentsin Lunge," SodK]niilas|rie,"3nl«dit., 
vol. i. p. 950, wh«rv tla^ equilibrium cou&tant^ for the etilpliur trioxide proci>sK 
ot 515' and 465°arei^ven in ULiubera which lie between 10 and lOOmilliotix. 



tan 
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ClitBsifi- 
catioa of 

the ClUiOH 

oonceroed. 



cciDStant pressure. The quantities a'p ami a', are thereforo 
identical, ami tlie Ludices may be omitted. 

We will conaicler three oas&s under lliis head — 

(1) Tlie formation of nitric aside fmm the elements. 

(2) The foniiation of hydmehlonc, hydrohronuc, and 
hydriodic acid gas frara tlie elements. 

(3) The water-gas reaction. 
The first and es^iecially tlie third cases are of marked 

technical interest- Wo niust, however, post[ione any con.';idera- 
tioQ of thera tmm this point of view until the final leotiiie. 

Aa far as specific heats are concerned, we may divide the 
gases taking part in these reactions into two classes. Oxygen, 
nitrogen, and nitric ositle have nearly identical specific heats at 
ordinary temperatures, and they all increase hut slowly with 
rising temperature. The triatomic gases, carbon dioxide, and 
water-vfipoitr, on the other hand, have specific heats differing 
considerably from each other, and even more from that of the 
diatomic gases. Not only is this true at ordinary temperatures, 
but their speciflc beats increase much more rapidly with the 
temperature than do the sijccific heats of the above diatomic 
gases. The hydrogen haltd&s are very like the other diatomic 
gages in this respect, though the halogena themselves belong 
rather to the class of carbon dioxide and steam, 
Cflsd I. Nemst-^ ha3 determined accurately for two temperatures, 

of'so, '°" ^'^^ approximately for two others, the equilibrium con Jitiou.? 
governing the combustion of air to nitric oxide. He gives the 
following composition of the gaseoua mixtures at the four 
temperatiirea;— 



T 


%N. 


%o. 


%N0 








[1811 
2033 
2195 

[3200 


7B-92 
78-78 
78-61 
7ti-6 


20-72 

'20-58 
20-42 
1B-4 


037] 
0-64 
0-97 
B-O] 


0-005! 
0-0159 
0-0242 
0-1831 


-2039 
-- 1-799 
-1-616 

-0-876 


-9-29fi 

-8-203 
-7-3i3y 
-3-995 



The ratioj , — - — i , representing the equilibrium constant 
' "Grttlinger Naclinchten " (1904), p. 261. 
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K, the Bhggaian logaiithm of this quantity, and Anally the 
proiluct E/n i^- -,-, which recurs so often in these com- 

putations, are added to the aliove table. The more approximate 
values are bracketed.' 

We niay make the assumption that the specific heats of 
Na, O3, and NO are the same, for it is a general rule that the 
specific heats of the iiermanent diatomic gases are nenily 
identical. The heat uf reaction at all temperatures would then 
be the same as Berthelot found at ordinary' temperatures, viz. — 

N + = NO - 21,600 caL 

Thomaen's value for this 13 21,500 cal. Our next aasuraption, 
then, is that our equation (Second LecturCj p. 40) takes the 
simplest form — 



A = Q - MHin- 



i^Hd 



(3) 



where A becomes equal to zero at equilibrium. To teat thia, 
we will place the valxie of ^ beside those of B/» , """ -. . 





2 

Q 

T 


8 

1 


4 

EKffFrence between 


[1811 
^033 
2196 

[3200 


-1IR77 

-10-I3-J5 

- H-841 

- 6-760 


-9-296 

' -7-3G& 
-3 995 


+2-581] 

+2-42*2 
+2-472 
+2-765] 



' Eeccntly tfeta table has b«n completed by Nefnst and tiie co-worke« 
Jellinek and FinckL {Zni^r.f. anarg. Clem., 45 (1905), llfi; 411 (1906), 
212; 49(1906),22!(). The additional vakes are— 



T %N, 


%o. 


%N0 


1877 1 78 89 
2023 1 — 
2580 1 78-08 
2675 77-98 


20-69 
19-78 


l>42 

0-52 to 0-80 

2-05 

2-23 



Comj*re aIso [fitisficr'D Biperiments on tbe same atibjecl, " VerliHinlI. d, 
Vereina tat Beffird. des Gewerbofleisses i"n PreusMn " (1906), 37. 
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We see that there ia no agreement. We must add a 
number -f-2'45T tn equation (3) to satisfy Nemst'a measure- 
ments. 

To aee whether, after all, we must not asaume a difference of 

specific heats, let us calculate liy means of formula (25) (p. 64) 
tlie heat of reaction between 2033 and 2195" (absolute), from 
the observed values of the equilibrium constant. We get — 

Q«Q, - ^) = R^vfK' - R/nK" 
Q^a„4")= -23,000 eal. 

This differs but sliybtly from the value of the heat of reaotion 
obsen-ed at onUnary temperatures,* Still, it indicates that the 
heat of reaction ten<ls toward a greater negative value with 
rising temperature. lu accordance with Kircbhoff's law, such 
an increase must take place if the specific Iteat of NO is greater 
than that of a mixture of ita components^ If we asaume that 
this difference is iudependent of the temperature and approxi- 
mately equal to — O'Sl, theu the thermodynamically indeter- 
minate constant, which we have just estimated as equal to 
— 2'45, becomes zero. We then find for the heat of reaction at 
absolute zero — 

Qa= -21,500 cal. 

From this we compute the following table : — 



1 

T 


3 


3 


4 


5 


6 

Satni of 3 
Aodfi. 


7 
I>ifrenDce 


1811 

2033 
2195 
3200 


-11-828 
-10-&8t 

- 9-800 

- e-722 


-9-296 
-8-203 
-"■3G9 
-3-905 


7-493 

7-60H 
7-8fJ3 
8-062 


-2*323 

-2'35y 
-2-434 

-2-4a9 


-11-615 

- y-803 
^ 6-134 


0-209 

0-020 
0-003 
0-228 



• The rdialiility of ttip value for Q^^ nO] depends, not niilyoti tlje accuracy 

of the equilibrium cuoataut, Icul. alao Very niarktdly on tliatof the Icmperflturo 
meaaurementn. Tlie UMiiperature wtia d«jtemiitied pbotometricjiily, a» will be 
wxiilaineJ in llie last lecture. Tliu aasumpti(.>n tlierein miido that tlie total 
lirightncBB iricrBiiBt-a as the K-ith or 14tli pwwei' of llio temperature k of audi 
ah approximnto naturo Uiat our Icmpemturc meaBurementfl cini easily be 
wrong by Several (legrw'B. An tirtcif of a degree at this high tomperahire 
tiliuiigi;^ Q. by rni^r? tlutu a hunil[«<l calunes- 
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From this table we see that the aasiimptioa of ft diffei-ence 
in specific heats of — 

Acn, + itro, + 31 = CNff or <r' = -0'31 

brings the expreasioii' — 

into agreement with Nernst's observations. 

This surmise ihat <t is negative, to wbich the values of tlie 
beat reaction give rise, is further eoiifinned hy the observations 
of Eegaault, who iletermiaed the specific heut *if all three gases 
at room temperature. He fuund a diifercQce of the same si^ 
and of corresponding magnitude. Wo take the data in regard 
to this fmm Berthelot's compilatitm.' 

i^^o.i - 3-4fi 

= 3^ '■jcsoi = 6-96 

6-90 



a^fCN.) 



The difference amounts to —006 cal., instead of the — 0*31 
cals. assumed. The present stiite of our experimental know- 
ledge of the specific heats of gases does not permit ua to say 
more. We are especially in i^rnorance as to huw the difference 
changes with the temperature. It therefore seems beat to 
retain for practical use later the expression ^— 

A = Q - ETin-r^^ + 3-45T 

Proceeding now to the second case, let as first consider the Cnw Ho. 
reaction— ^J^ 

Cla + Ha = 2HC1 Mid fur. 

I Gerthelot, '*Tllierniochiii]i'e,Loisel DoDi]£«s," 2 tdIb. (Paris, 1897). Thb 
woTlc^ together with Oswald's " Therm ockcmie " [" Lehrbuch der Allg. Chera,," 
Tot, ii, \'AxX i,, 1893) contains tlie tiiiL-f ■cdDapilnlion of tlitfrmocb^mical dahi. 
A loblo of tEieepecilic heals of gases i^ givcu in Borthelot, ^«,, vol. t. p. 57. In 
tlic Sixth Lecture, the epeoifio heat meaBiircmerit.t of R«g:tiault are gvvcn in 
taliiitnr fijrin. Tlic compariMin, wlucli is given iibuvo in tht- text, haa ulreanly 
been made hy Rcgtault hini3«lf (Afeni. intt. <fc Francr-, 36 (1802), 303, 311, 
322). 

* Nernet also (J.c.) takea Q as iiidependeuL of the temperature. In lilii 
paper, however, on calculation of chemica] equilibria from therTnocheniical 
meoeurements face p. 100}, he assumes a amaU diAereucc <s", while «^ is taken 
aa xero. 
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Dolezaluk* has iltitermined the tlefiniUve data of this re- 
acti«in at 30^ by measuring the electromotive force of a chlorine 
electrode! hi hydroeliloric acid soIuUon of knowu partial pressurej 
against a liydirojjen electrode in the same solution. The action 
of the cell mvolvca the diaaiJiwarance of hj'dmgen and cUoriuej 
and the formation of hydrochloric acid. It makes no difference 
whether we consider the hydrochloric acid formed to be a gas 
or to he in aolntion, bo long an gag and acdution are assumed 
to be in ecuiilihrium. The gas preissurea of tho chlorine and 
hydrogen were not accurately determined in Dolozalck'a esperi- 
m&nta. Still wc shall not ho far wrong if we assume that they 
were both equal to atmospheric pressure minus the partial 
preaaurea of the water and of the hydrochloric acid, for both 
gases were passed in at atnifispheric pressure. Now^ the vapour 
preasure of pure water at 30" is equal to 31'5 mm. H^^, or 
0-0414 atmosphere. It ia, of course, less over the hydrochloric 
acid solutions; but since a small de\iation of 0"01 atmosphere 
is of no numerical importnuce in the following calcidation, we 
shall call it 02 atmosphere over all the solutions. We obtain 
the partial pressure of the chlorine and the equal partial pressure 
of the hydrogeu by subtracting Dolezah'k's observed partial 
pressures of hydi-oclilorlc acid from O'^a atmosphere. This 
gives us all the necessary data for evaluating the expression — 

pnci 

We combine in the followiog table the normality of the 
hydrochloric acid, its partial pressure, the value of the ex- 
pression — 

p ug 

just discussed, and finally the value of — 



KT^« 



yiici 



expressed in calories for T = 303" abaolutej baaed on the results 
of Ddlezalek. We also add the electromotive farce of tha cell 
as found by Dolezalck, and the reaction energies (free energies) 
computed from it by multiplication with 23^110 (the number 
1 J?./. Pftffs. CTem., 26 (1898;, p. 334, 
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23,110 ia the product of the nuiuVjer of coulomUa, 96,540, wliicli, 
according to Faradny'a law, must pass thwrngrl" the cell in tlio 
furmatioD of a mol of hydroeliloric acid, into the factor wlii'ch 
converts the product of volts and coulomba, that is joules, into 
gram calories. Thi3 factor is 0*3394).* 



1 


i 


3 


4 


G 


C 


7 




Pun 


Pw\ 


KTf-.-/""- 


F, 
in 


A = E-3S,nO 


A+RT.K ,^".- 


llCl. 


■Lidos. 


P?i,-H, 


'4,H= 


volts. 


col. 


'^i.-H. 


408 


0-316 . I0-> 




0-31 . in^ 


-4S4!1 


i-l!H) 


27,^1 


22,ti52 


G'43 


IKKlfi.lO-a 


0-89 . 10-* 


-421a 


l'U7 


■J6,5U7 


i2,%^-i 


nm 


0-176 


0-2 1 J 


- HVl 


i-oyo 


23,'A;Ij 


IVAM 


11G2 


OSM 


0-341 


~ 647 


u-sint 


'i\mi 


22,440 


1214 


0-412 


0-725 


- VSl 


0-9S1 


'ns~i\ 


22,479 


12^ 


0-443 


0-825 


- 116 


0-1(74 


■2-i,50'J 


2-2,3^3 



Bi'CflUHB of an incompletenesa in the electrical ineasuiements 
of Didczrtk'k, the vulues given in tlie sixth culiinin, supai-iitely 
considered, appear uucerlaiQ by some 118 cals. As a finst trial 
lot us foru) tlie espressiiiQ^ 



A = Q - v:iu 



PlICl 



and «o uomjiare the calorimeti-ictally dck-rmined values with the 



sum$ of — 



A + Vmn . ^"" 



The BuniB are given in the last coliuun uf the abo've table. 
Tlifir mean ia 22,428 cale, while Berthelot and Tbuiusun both 
found 22,000 cals. There ia thus a slight disorepoacy between 
the two. WTiotlier we should attach auy importance to it is 
very qiieatiouable. It would require, at the lyw temperiture of 
303" aba., that we assmne a constant of 1'34 if we would express 
the observalioue by the formula — 



A = 22,000 - llXln 



+ 1-34T 



(4) 



■ without reference to the eiieeific heats. The observationa of 

I Dolezalek would Iho satisfied by this formula. 

I ' Tlie last decimal [ilaee Lo uucurUiin. The ijhj-flilcaliftcb-tjjciintsclio llciclis- 

I auHtdh receaUy puis it at 0-239^ 
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Diaaocin- 
\ inn of 
liyilro- 
cutaric 
AX-XA at 
Mghsr 

tUTDB. 



Measurements of the equilibrium at higher temperatures 

M'hieh we could use are wanting. Mallard ^ and Le Ghateliei", 
to be Biire, exploded nmiierouR mixtures iif hydrogen aud chlorine 
ill cluaed vessels, aud based certain conclusions on the pressures 
there developed. These obsorpations, however, afford us no 
certain knowledge of the dissociation. Heuiy St. Claire-Devil la 
was able, !>y means of a most ingenious experimental eontrivanee, 
the so-called "cold-hot" tul^j to show qualitatively a trace of 
disBociation at 1300^ This apparatus* consisted of a heated 
porcelain tulje with a brass tube passing through its centre. 
Water flows tlu-ough the brass tube. Tlie gases are sent through 
the annular sjiace between the two tubes. Deville, by this simple 
arrangeraeat, could prove qualitatively the dissociation, not only 
of carbonic acid and ammouia, but also of hytlrocbloric acid, 
carbon monoxide," and sulphurous acid, the temperatures being 
hardly above 1300° C. Victor Meyer and Langer^ showed tbe 
same thing qualitatively at 1700" by measuring the deufiity of 
HGl in a platinum vessel. Platinum is very porous to hydrogen 
at tliese high temperatures, and consequently the gas leaked 
througli the %valls of the vessel, leaving chlorine behind, partly 
as such, aud partly as chloride. How far the dissociation went 
cannot be det&rniined from these experiments.. Our formula 
gives ■a, very slight diaaocijitioB at 2000' abs, or 1727" C, that is, 
at very nearly the same teraperftture fia used by Victor Meyer 
and Lauger. If we put A = zero for the condition of equilibrium, 
and T = 2000, we get— 



mi 



i'Hd 



32,QQO 
>i.,xH." 2000 



+ 1-34 = 12-34 



Hence for every 100 volumes cf unchanged hydrochloric acid 
there is 0'2 vulunieofchlorineand an equal amount of Iiydrogen. 
(This equilibrium, like all gas reactions in which the numljor of 
appearing aud disappearing molecules is tbe same, is independent 
of the preasure, since the voluuie factors cancel from numerator 
and denominator.) Victor Meyer and Langer estimated the 

' .l/ina^CB des Mines (1883.), Bpct. iv. part D. 
* Ann. Chim. Thariiu, 135 (1865}^ &4. 
^ Ihui., 13* (18*55), 124. 

' Victor Meyer au J Laiiger, " r^'i'gctiem. UutflWUclmogoii '" (Dramisi^ttweig, 
1885), p. 67. 
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dissociation at ITOO* as mtich greater than tliis. Yet their 
observation mn be explained equally well without this assump- 
tion, provided the velocity with which the dissociation equilibriuia 
adjusts itself be great, as ia indeed very prohalily the case. 
A more rigorous treatment of the question is impoaeible with 
our present insufficient knowledge uf the specific heats of these 
gases. If we use Strieker's and Regnault's values as ^ven in 
Wiillner's compilation* for room temperat tires, we find — 



iflH, = 3 41 
i«ci, = 408 



CHci = 7 'OS 



(JcH, + icci, = 7-49) 



All the valucB refer to eooBtant pressure. Acconling to these 
measurements, the true specific heata of the disiLppearing sub- 
stancea exceeds thu.t of the euhatauce formed by 041 at room 
tomperatiire. Yet Kegnault's direct determinations of the specific 
heat of chlorine differ considerably from the indirect determi- 
nations of Strecker. Still, it seems uuquestiouable that the 
difference is positive at ordiaary temperatures, and assumes a 
still larger positive value with rising temperatures, for Bertbelofcj 
Mallard, and Le Chatclier agree that the specific hoat of 
chlorine at liigh tomperatores greatly exceeds that of hydro- 
chloric acid, which always remains similar to that of hydrogen. 
In onier to at least approximately inform ourselves as to 
what significance this diffewnce of specific heats has, and to 
see how well Dolezalek'a uieaflurements bu.ruiomze ■with the 
assumption that the thermodyuamlcally indeterminate constant 
becomes zero when we take account of a difference of specific 
heats, let us recur to the e^tpressions developed in the Second 
and Third Lectures (p. 51, equation (28a), and p, 60, equation (9). 
For such a comparison it 1$ often conventent to substitute 
Qt - a'.T - o"T* for Qo in the formula— 

A = Qo - (T'.T/rtT - a"T^ - RTSrVW + const. T 

ff',T and o-'.T^jtT can then be collected in one tenn, and we 
obtain in this case, for example — 

I A + (r',T(l + InH) + ^a-'r" + Em-J^^ - = Qr + const. T. (5) 
• Wailiier, " EiperimeDtalphj'Hik," 5th edit., vol. ui. p. 554 (18116), 
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If we give a small negative value, say — 0'2S, to the difference 
a\ at abstclute zeTO, and a moderate positive value, say +0001, 
to tlie diflerence a" of its increment with the temperature, we 
obtain, in the first place, a differeuee between tte true specific 
heats at ordinary temperatures agi-eeing both in sign and in 
magnitude with the experimental results. In the second place, 
we find, with the help of the colorimetricalJy measured heat of 
i-eaction and the values calculated ahove from Dolezalek's experi- 
ments, that the theruiodynamically indeterminate constant (iu 
5; Ijecomes veiy nearly equal to zero, Fmally, the dissociation 
in the case of equilibrium at 200O" abe,, calculated on these 
aB!*iamptions, is found sHcj^htly greater than we deduce from 
formula (4). Against these assumptions regardiiig a and a" 
may be urged the fact that SLreclier, measunng the velocity of 
fiouud in chlorine, winch is dei>endeni on the ratio of the true 

flpocific heats \—), could find no certain change in tliis ratio 

between 17° and 343°. Yet Strecker's values are of varj'ing 
accuracy, and his conclusion that the specific heat of cldortiie 
is the same between 17° aud 3^3" is too incompatible with the 
large temperature coefficient of the apeciftc heat at liigh tem- 
jieratures found by Mallard and Le ChateUcr, to allow us to 
attach any importance to an objection liaaed upon it. We can 
here, as in the former case, merely say that the facts are by no 
means opposed to the assumption of a zero value for the thermo- 
dynamically imlctormiuate constant, Such an assumption is not, 
however, proved by the observations, as we have already men- 
tiunoJ (Second Lecture, p. 46). For further use in the next 
lectuie we shall retain, for simplicity's &ake, equation (4), 
especially since only tempevaturcB of a few hundred degrees are 
there invoh-ed. 

Measm-ements hearing on the energy of formation of hydro- 
hnimic acid have been made by Bodenstein and Geiger.^ The 
rclationsliipa here are identical with those iu the ease of hydro- 
chloric acid, aud thcix discusaiou may conse<.iaontly be somewhat 
abbreviated, Bodenstein aud Geiger have measured the electro- 
motive foi-ce of the coil Bfj — BrH — H^ at 30', using solutions 
of hydrobromic acid containing respectively 0'9291, 0'9260, and 
0'784!J g, HBr in oue e.c.,and tu whidi small <iMantities of bromine 
' Z./. jAyn. C'Awnw, W, p. 70 (I90+). 
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bad been added (ou one Bide). The vapour pressure of the 
Itrouiiue aud the hyiirobroiuic aeid were determiued in the same 
fiululious aud at tho same temperature. It was also ascerbaiiied 
that the vajjour pressure of the pure hyditrhruruio acid over its 
pure aqueous solutiim was not materially diEferent from that over 
the solutiou containing bromine. Further, the pressure of 
the hydrogen gas passed in was nieasui'ed. Tha value of this 
pressure iu mm. Hg, the observed values of the e.m.f. of the otil 
in volta, aud (.he enei;gy of the reaction computed therefrom, for 
the formation uf one mol of HBr gas (e.m.f. i< 23,110) expresaed 
in gram-caloriea, are given together in the tahle below. According 
to our theoretical coneiderattona, the euergy of the reaction^ 

iBra + iHa = HBr 
taking account of the difference of specific !ieats, would be — 

If we substitute here as before (see p. Ill) — 
Qt = Qo + <r'.T + <r"P 



for the salte of convenience, we get — 

A = Qr - ii',T(l 4- ^"T) - 1<j"^ ~ RT/«. 



PBtH 



pL, >« A, 



+ const. T 



If we insert for T in this equation the absolute temperature 303", 
used by Eoilenstein aud Ueiger, aud 12,200 cal, for the heat of 
reaction, this mim)ier lyiug midway between the value found 
by Berthelot (12,300) and tliat whioh Ostwald calculated from 
the measurenienta of Thomsen (12,100), it follows that — 

A = 12,200 - 6714 X 303 x *', - 2 x (303)3 ^ ^" 



" 1382 logio 



^BrH 



K.x A 



+ 303 X const. 



The value of the logarithmic member of this equation is given in 
the nesi to tlie last ccdumu of the following table ; that of tlie 
BKpreasioa — 



A + 1382 logw 



POrfl 



f llr, ^ Ml, 



ri4 
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in tlie last column. The mean of these values is very near^ 

12,800 cal. 



LiUEtl.Llg. 



12-0 
2 25 
119 






0-Gfl2 
1-509 
1448 



rant.Hg. 



742-5 
753-0 
7WG 



KMK 

Volt. 



0-573 
0-625 

0'63$ 



KT/n 






13,242 
14.444 
14.6^8 



- 37a 
-ifi25 
^19»7 



A-HRTfa 



^HfH 



ft, ''■4, 



12,869 
12.819 
12,701 



l«t tli.i 
of the 
heats. 



If we an-ange the equation as follows : — 

A - Qt + ET?n-r^^"- , = - tF',T(/uT + 1) - l^-'T' + coaBt, T 

and take 12,200 eal. for Qi, we can see from the table that 
the value of the left-hand member amounts to some GOO cal. If 
we insert this value, dividing tlirough by 303 (calling y^Ij = 2) 
and ti-auaposing, -we get — 

const. '2 =T 6-714(t', + 60G X <r" 

If, first, we put it'„ and o" equal to zero, the const, hecoracs 2, and 
we get, as in the caae of hydrochloric acid, the approiimation — 



fflBrH 



A = 12,200 - ET^u-T ,- 



+ 2T 



(7) 



The asBumption that the heat of reaction is the same at all 

teinperatiires finds expression in this equation. 

If, on the other liunJ, we examine the available data con- 
ceniiag the spticific beats, we Rial Lliat at ordinary temperatures 
the true specific heat of 

exceeds that of IHBr by nearly a unit. The Bpecific heats of 
hydrogen and hydrobramic acid are per inol approsimately 
equal. We may assume without hesitation that their increase 
with the temperature wonld also be equal. On the other hand. 
the apeciSc heat of bromiJie is much greater, and undoubtedly 
its increase with the temperatures is also more rapid. We may 
Bsaume here, as iu the case of HCl, a negative value ( — 05) for 
(r't,aud a positive value (+0 0027) for a\ and thereby cause the 
thermodynamically iu determinate cunstaut to disappeex, and 
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at the same time make the diiference between the true specific 
heats at orJinary temperatures coiTuspoml to that experimentally 
determined. Yet by thus fixiug tlie value of a and a" we are 
furced to assume a more rapid clioDge of the specifio lieiits of 
bromine with the temperature than is at all compatible with 
the acoustic measurements which Strecker has made upon this 
gas, Since we possess no other evidence regarding the change of 
specific heats with the temperature, we must reserve judgment. 

The dissociation of h^drobromic acid vapour can be easily Didancm 
calculated from equation (7) if, for instance, we put T = 1000 aba. ['°j ^ 
(727° C.) ; it then follows for the equilibrium^ where A = 0, br*jiuBii 
that— 

logw 



p\w^ X A 



and 



J'BrF 



Pi, ^ P'b, 



= 3114 



= 1300 



Lighor 

tempora- 

turea. 



Now, at equilibrium, for every one part of pure hydrobromic 
acid supposed to have been originally present, there is 1 — a: 

part *till unchanged, whUe '-^ part ig pi-esent as bromine, and 

the same amount as hydrogen. We find then that — 

p^^ ^ g-^) = 2(1-^ ^ J3QQ 

or -= 651, orx = 015 X 10"* 

X 

Expressed in per cents., the degree of dissociation 3: = O-lo per 
cent, at 727°. 

Bodenstela^ atatea that Reichenbach found the degree of 
dissociation at GSC-TSO" to Ue between 0*3 per cent, and 0-9 per 
oentt He calls attention to the fact that the measurements 
probably gave too high results. The assumption of a negative 
value for a and a positive value for a'\ leads to a somewhat 
higher value for the degree of dissociation. 

We will complete tliis discussion by considering the equili- Ca»e lie 
brium oondiLions of bydriodic acid. Here we have equilibrium nuiUftu'of 

measurements made by Bodenstein, who subjected this matter iiydriodio 

sold. 
' Z./.phifs. Chemie, 49 (1904). CI. 
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to a thorough ami searching study.' We will now ahow iu 
the usual way the Learing of the x-siluea ohtaiiieii, upon the 
formation of hydrirKlic acid, accanling to the equation — 

hh + JHa = HI 

The "degree of disaociatton " x of the hydriodic acid waa 
the quantity directly determined. From 1 inol hydriodic acid, 

l^x mol remains undecompoaed at eqiiilibrinm.and-,^ mol each, 

of hydrogen and iodine are formed. The equilibrium constant 
can tlierefore be written^ — 

K=^<L:i^ (2) 

Bodenstein's deconipoBLtiun values were — 

° C. ... 508 487-2 443 427 410 393 374 356 

K ... O2408 0'2340 0-2199 0-2157 0-2100 0-2058 0-2010 0-li)46 
a ... 3'28 302 !283 

fl ... 0-1886 0-1&I5 0-17&7 

From, these values Bodenateiu computed a table of equilibrium 
constantB ■\\hiclL we will alter only by substituting values re* 
computed according to our definition of the yquilibnuiu constant. 
The equilibrium constants labelled "found" are derived from 
the adjoininy decomposition values^ which in turn ai-e computed 
by interpolation from the observed values of x given above. 
The interpolation formula deduced and used by Bodenstein ia — 

X = 0'13762 + 0-00007221/ + 0-00000025764^' 

The values of the heat of i-eaction also labelled "found" toe 

' ZeilKhr.f. phsnk. Chem., 29 (18^9), 296, wUero earlier papers arc also 
given. 

« BodeD&toij] lu.'k.QS as the e4{uili1)i:inm coustaiit— 

K - '^ 
^^ - 4(1 - w)i 

We therefore get oiir constant from tiia liy moViiig — 

1 



K = 



K* 



Boilenstem girea the values as biK,. Out constant, !fl the tenna of Ibis, 
theiefore ii^ 
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calcnlatedj interval by iiiterval, from tli3 e<iiiatitm ul" Vau't 
Hoff— 



'^^'^ir ~ Qf-W" "~ T") 



From theeo values of Q., the heat of reaction at auy teinperatura 
may be computed liy meaus of the interpolation formula — 

Qr = 89-575 - l-u75T + 0-00o49r' 

Thia formula corresponda to our expression — 

Qt = Qi + ff'.T - a"^ 

Finally, with its help, we get the equation for tlio energy of 
the I'eactiou — 

A = 89-575 + lo75TrnT-0-00549T3- RlY/t-i-^^ + const T 

Bodenstein determined the constant by calculating tbe value 
f»K for the condition of equilibrium {A = 0) and comparing 
it with the value of the /riK " found," This gave — 3-67 aa 
the thermodynamically indeterminate constant.^ 



( 


T 


£ 


K 


inYi 

tovud. 


(nK 

calculalnl. 


Or 
tvuui]. 


07 

colculntod. 


520 
500 
4SU 
iflO 
440 
420 
400 
S80 
300 
340 
320 
300 
280 


793 
773 
753 
733 
713 
693 
673 
653 
033 
613 
593 
fi73 
553 


0-24483 
0-23813 

0-23164 
0-22535 
0^219-27 
0-21339 
0-20772 
0^0226 
O-1970O 

o*iyl95 

0-187 U 

0-18247 
O>17«03 


C-2 
0-4 
6-6 
6-9 
71 
74 
7-6 
7-9 
8-2 
8-4 
8-7 
8-9 
9-2 


1-8195 

1-8562 
l-8;i22 
1-9279 
1-OI^Tl 
1-0078 
2-0319 
2-0654 
2-0!.l83 
2-1306 
2-l«21 
2-19-29 
2-2229 


1H197 

1-85G2 
I-H924 
1-9280 
1*9631 
1-11979 
2-0319 
2-0667 
2-098-2 
2'l30fi 
21622 
2-19-2SI 
2-2231 


2222 
2084 
1961 
1821 
16!K; 
1575 
H5» 
1343 
1-237 
1136 
11138 
942 


2222 
20«4 
1950 

1R21 
1^)96 

1575 
1461 
1347 

I23;i 

1136 

1038 
E>43 



The c<iuationa of Bodensteia can be used to oalculatti the Hetii of 

react ion. 
1 Bodieii3lein,''8 eqnalion for tlic (!<]uili{>riiiin runs — 

/mK, = - ^- - I-5959/«T + 0-0055464T+ 2-ei98l 

If we replace (see above note) /nK, fey - 2?nK, aiwl multiply Uirougli by KT 
we gbtnia the above eqnAliQii, 
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beat and the energy cf the leactiorL at ordiuary tempembiire. 
Tlie valuti of Qt, according to Dodenstein'a equation given above, 
amounts for ardioary tomiierature to otily +96 cal. This 
value is appreciably smaller than we shoulil expect from the 
thermochemical data. Berthelot gives —6400 cal. for tlie 
formatiaa of gaaeous Iiydriodic acid from solid iodine aad 
gaseous hydi'ogtin, whila from Tliomsen's data we get —6100 
cal. for the same quantity. Tlie heat of snblimation of 8oUd 
iodine can be calculated from measurements of ita vapour 
pressiu'e at tUfferont temperatures. Such measuremente liave 
recently been made by Uaster, Hickey, and Holmes/ and tbey 
show that 15,100 cal. are uaed up in converting one mol of solid 
iodine into vapour at ordinary temperature. Therefore the heat 
of formation uf one mol HI from the gaseous elements is equal 
to 7400 — 6400, i.e. 1000 cal. at ordinary temperature. Using 
Thomsen'a data, wc get 7400 - 6100, le. 1300 cal. 

Tlie equation uf the reaction energy can be tijateJ by deter- 
mining the e.m.f. of a galvanic cell, which consists of an 
iodiae and a hydrogen electrode in a solution of hydriodic 
acid. The partial pressures of iodine vapour and of hy- 
driodic acid gag, which are in equilibrium with the solutions at 
the electrodes, aud the pressure of the hydrogen gas must he 
known. Ueceutly the author, in c^ollaboration with Gottlob, has 
carried out preliminary measuremeots on such cells at 43'7°. 
According to Bodenstein'a equatiou of the reaction energy, the 
o.m.f, at this temperature should be — 



E = 00G7B7 - 0-0625 log 



A'^A, 



(E = volts) 



Five cells were tested, the coucentration of the hydriodic 
acid varying between 3'5 normal and 6'44 normal, the concen- 
tration of iofline at the positive electrode being from 0"5o 
normal to 1"07C normal, Hydrogen was passed in at the negative 
electrode umler atmospheric pressure. The vapour pressures 
of hydriodic acids with and without addition of iodine were 
determined by the so-called dynamic method. All values 
of the e.m.f. were found to b« larger than calculated from the 

' Juum, Am. CheiH. Soc, Jan. 190G. Furm-er dotcrmitifttioTiH have been 
mnilo Ijy BaniBav and ToSing {Juitr. L<indon Chem. SoC., 49, p. 453 {188GJ, 
iiiid bj V. Hlc^l(cV {Bvf. litr., 1!) (18S6), p. 1I)G0). 
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uljave equation. The mean dUlerence amonoteil to 0'0o2 volt, 
coiTespoufling to a difference of V2dQ ca]. in the ■■eaeticm energy. 

These differencea between calculated and experimental values 
for the reaction energy as well aa the reaction heat suggest 
the question whether the iodine in Bodenstein's experiments 
behaved as an ideal gaa, It may be remembered that, accord- 
ing to Guye and Eadice/ the critical temperature of iodine is 
some de^rreeg above 500^. Now the specific heats of gases at 
temperatures appreciably below their critical temperature 
show that the pressures are not aa independent as is pre- 
supposed in the deduction of ouv formnlip. It seems poissible 
that Bodensteiu's experimenta, especially in the neighbourhood 
of 300', were influenced by this factor. 

It ia of interest to compare the various determinations ofThi^ 
the specific heats of the gasea concerned. According to Eoden- ''^^^^- 
stein — 

a\ -f a"T = - 1-575 + 0-005-l'.1T 

This value represents the difference between the nmaa specific 
heats (from 0' abs. to T^) of JIj + iH.j and HL Strecker ' has 

tested the ratio ^ of the specific heats of hydriodic acid by 

measuring the velocity of sound in it. The true specific heat 
at constant pressure, calculated from big measurements, is 7'04, 
withoxit any perceptible change with ibe temperature between 
21* and 100^ We may certainly take the Regnault value of 
6'82 per mol as tlie true specific heat of hydrogen at constant 
pressure at ordinary temperatures. Both values can, indeed, be 
employed up to SUO" without any perceptible error. Testing 
the iodine, Strecker found a ratio of specific heats in the neigh- 
bourhood of 300' (220" - 375') which gave a specific heat at 
constant pressure of 8'53, again quite independent of the tem- 
perature, According to these measurements, the difference of 
the specific heata of \U + iHj and Hi at 300' (573' abs.) is 
+ 0-62. Bodenatein's formula, on the other hand, would lead 
US to expect the much higher value of +4'73 for this difference. 
The discrepancy is remarkable, though we have to consider 

• See l^aqdoU-ESornal&in, " PhysikKlisch-Cliemische Tabelleii," 3rd edit. 
(IflOa), p. 184. 

■ WncLlner, " Kxptrimentalphymk," Slii edit. (18115), vol. iii. p. 554; 
Slr&ckcr, W\«rl. Ann., 13, p, 41 (18811. 
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that SLrecker liimself has emphasized the difficulty anil in- 
accumcy of acoustic meaaurements nn I2 at high temperatures. 

Concerning Bodcnstein's vahies at high temperature (500^),, 
there is another point to be considered. The reaction studied 
hy Bodenstein changes its nature with rising temjieratui-e. 
The iodine, as well as the hyJriodic acid, begins to dissociate. 
The two reactions — 

21:^1, 

therefore infringe one npoa the other. The heat of formation 
of molecular iodine from atoTnic iodine is certainly very large, 
rianck ' haa calculated from several measurements by Meier 
and CrafLfl.'^on the assumption that thesjiecific heat of iodine at 
constant, volume is not changed by dissociation into atoms, that 
it amounts to 29^000 ciil. {ai constant volume). He has further 
calculated from two of Bodenstein'a numbers, that the heat of 
formation (which lio assumes as independent of the temperature) 
of a mol of liydriodic acid from molecular iodine and hydrogen is 
1300 cal. We may use these resnlta for a rough estiniation of 
the relative importance of the two reactions, for, according to 
them, the decomposition of a mol of hydrlodic acid into \ mol 

of iodine and hydrogen uses up only jl^. {i.e. J3qo~+ 29000/ 

of the total heat of the two reaction?, while the further con- 
version of the \ mol of molecular iodine into atomic iodine uses 
up the remaining \\ of this total heat of reaction. The de- 
wmposition of hydriodic acid therefore entails a greater heat 
al>sorption the higher we raise the temperature, because thereby 
more iodine atoms, together with iodine molecnlea, are pro- 
duced. The heat of reaction Qi given by Bodenstein's measure- 
ments is notliing other than this heat consumption with changed 
sign. We cfin^ therefore, no longer conaidor it as simply the 
heat of formation of hydriodic acid from molecular iodine and 
hydrogen, but must rather recognize in it the sum of two hcat3 
of reactioDj that of the reaction — 

I + " Hj = ni 

' " TliUTapdynQiiiib;' ivA eilit (1M5), p. 216. 

* Berl. Ber. (1&80), S51, 1316 ; Compf. {lend., 90, 360, 32, 3y. Compare 
V. MeytT, Strt. Ser. (1880), 394, 1010, 1 103 ; (1881) 1433 ; and Nanroann, the 
wim«Cl8&0). 1150. 
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£ind — 

JIj + iHs = HI 

Doiiblk'ss the ghan.'^ taken by the first reaction is very smnll, 
but vanisliicgly small it certainly is not, aud at 620° it 
representg a meaauteable thoygh email fracltou of Qr, Tlio 
(liasociation of iodine into atoms under atmospheric preasiife 
reaches 25 per cent, at 1043". 50'2 per ccwt. at 1275', aaJ 73-1 
per cent, at 14GS^ according to Crafta and Meier. At lower 
temperatures tlie result of density measurements are not very 
sharp, yet even at GSO' the decrease of the density is noticeaMe. 
The heat increment — 

1-57S + 2X0-00549T' 

of tbe reaction does not therefore represent merely the difTer- 
euce of the speciSo lieata of the reacting subslaiicea, but ia 
rather determined by the fact that every increasa of the 
temperature increases the relative frequency of the process 
invulviog the large heat change I + iH = HI, and decreases 
somewhat the frequency of the procesa with the small heat 
change- ^la + |Ha = HI 

The tliii-d, and technically the most important of the class 
of reactions we are considering, is the wat^er-gsB reaction — 

The heat of reaction has here been accurately determined at 
ordinary temperature, It represents the lUfTereuee between the 
heats of reaction of the following rcaotiona: — 

Ha + iOa = HaO + 58,000 gram-cala. 
CO + iOa = COa + 68,000 

COj + Ha = CO + HjO - 10,000 gram-caU. 

Tlioae values are baaed on the critical discussion of the thenuo- 
cbemical data relating to the fonuatiou of water and carbonic 
acid, given in Ostwald's larse text-book. Berthelot's results 
loarl to the value of —10,100 cals., differing but 1 per cent. 
from the al>ove. 

The deUfnaination of the etiuilibrium of tim reaction has 

* Tlic factor 2 ia here pmaetit becMiafl the heat increment of llie reaction 
is ftjual to the difference of ibe true epecific heals (sue p. 291, TIiib has llie 
facloi' 2 in front of (he second umaber. 
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n history.' It began witK the experiments of Bunsen. He 
exploded a mixture of catbon motioxi*le and hydrogen with & 
quantity of oxygen insufScient for complete combustion, and 
atudied the distribution ratio of the oijgen between the carbon 
monoxide and the bydrof;en, Bunsen thought that, under these 
conditions, carbonic acid and water were always formed in 
simple ratios. E. von Meyer shared, at first, the same view, 
influenced by ejcperimeiits of a gimilar nature. Then Horst- 
mann called attention to the incorrectness of tlieir interpreta- 
tions, and, on the basis of results of his own, developed a 
correct theoretical treatment of the problem. This affirmed 
that the reaction proceeded at every temperaLure to the 
eq^uilibrium represented by the expression — 

Ch,q X Ceo _ T' 
Ceo, X C'h, 

Btmsen and E, von Meyer accepted this view after renewed 
examination of the problem. Horstmanu could not attempt a 
calculation of the change of the equilibrium constant with the 
tLe*wHit(T teraperaturea, because at that time the specific lieata of tlio gases 
KMoqiii- at high temperatures were not known. After research in this 
direction bad furnished new material, Hoitaema^ attempted to 
give a numerical treatment of Horgtmann's ubservatioae. 

It will help us in undersUnding these calculations and the 
developments based on tbom, if we first review what is known 
about the specific heats of the gases concerned. The methods 
of their determination will be only lightly touched upon hei-e, 
because they will receive special treatment in a later lecture. 
^gnault first showed, in his comprehensive research oti the 
specific heats of gases (18G2), that the specific heats of hydrogen 
and carbon monoxide Were nearly the same both at ordinary 
and. at slightly elevated temperatures. He found 696 cals, pet 
mol as the specific heat of carbon monoxide, and G'87 per mol 
as that of hydrogen,^ All later investigations of the behaviour 

' See Haher and Kicliardt, " Ucber das Wassergasglcicligcwicht in dcr 
BunHeii-llHDinK; iind die ehcmiacEie Bestiiniinnng der FlanmienteinperatiU'," 
ZnMtT.j\ anorg. Chem., 38 (1904), 5. 

'* ZdUdir.f. ph^js-ik. Chan., 25 (1838), 686. 

* As reganls llie value of iLe Eejnndl calone, aee WuUuer, " E^pen- 
mflntnlphyuilt/' 6th e<lit. (Leipnig, 1396), toI. W. p. 523 ; filno Dieterici, 
LiniJu's AfUK, lli (1905), 593. 
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of these gases at higher temperatures agree in aflinniTig that 
their upeciGc heats change in an identical way with rising 
temperature, so that their uliffereuce may be considered as 
approximately zero at all temperatures. Consequently, in the 
calculation of the }ieat of reaction and of the reaction energy of 
the water-gas reaction, only the dLffereuc* in specific heats of 
carbon dioxide and water-vapour countg, provided we calculate 
the difference in the sjiecific heats of the appearing and disappear- 
ing snbatancea in the usual way. All inveUigators have not only 
found a difference in the specific heats of these gases, but have 
&l80 found that this difference varies with the tetnpei-atwe.^ 
Regnanlt first determinetl these qMtmlities at low temperature. 

He deterinined the specific heat of watec-vapour at constant spenfic 
pressure by an indirect method. That is, he first conducted ^^"' "' 
steam at ordinary pressure, heated to 120*, into a calorimeter, vapour «( 
and measured the heat of condensation. He next peifomied !^^[™' 
the identical operation .witli steam heated to 220° C. The 
di£erence of the two quantities of heat evolved was ev-idenlly 
equal to the heat given off by the ateaui in cooling from 220* 
to 120°. It amounted in Regnault's exj)eiiment8 to T ijer cent, 
(in round numbers) of the tulal heat meaaurod. Tliis difference 
represieuts the product of the apecitic heat of steam between 120" 
and 230% multipliwi into the temiwmture difference (100°). 
Regnault found 0'48 gram-cal. as the mean specific lieat per 
gram of waLer-vajwur at atmospheric pressure from three ex- 
periments of this kind. Tins corresponds to a specific heat of 
^'^\ gram-cal. permoL Though these meastiremcuts were made 
with the greatest care, we should not fail to recognize that they 
caxmolguarantee any great accuracy of results. Let us consider 



I Fli^gner ("Vierteljahrssclirifit dor natuifoi-Bcheiitlen Geaellschaft,'' in 
Ziiricli " (lR9t)), p. Wi) lias raised eerlAtn objections to \Xm conclimon wliicli 
liavG foutid wide nrculaliun in the literature of Che onginflGriing prof«.^ioii. 
He diAcusKGs the exp{>nments of Mallanl aitd Le Chatelicr (^nn. dtA MUitx^ 4 
(1883), 379) and (ho»e of Betthelot an J Vdlle (^nn. cUm. phys., 4 (18S5), 13), 
and $eck:§ to pro\'Q tlmt all gases so fat invet^tigatt^il exhibit a cotiHl^iit s[>qceSo 
heat. According to hia views, the fornic^r meastiretDeut of Mulkrd arid Le 
Chatelicr gave fjilw; tesiilta because Iho influence of Uic walls was iiisnflRciently 
considered. These doubts and ihc view hat>cd upon tliem tJiat the apcclGc 
heat at SCNXP reiwfiins constant are disproved on llie one hand by the experi- 
ment of Langen, and on the othei* liy the results of Tlolbom, AiiBtin, nnd 
lleDEiixig. 
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tilt; lujst series of Keguauit's expemuente, for iusLaDCe, wltickgavu 
an evolution of heat of 69018 cal., wLen the steam w»a heated 
to 216-03^ and 645*44 cal. when heated to 122-75°, or a 
ditferqjice of 44'74 cal. (the liquid water fonnetl is assiimtKl 
to W cijnled to 0°). This corresponds to a temiKrature dif- 
ference of the vapom- of 93-28°. From t!us we get 0-47963 
cals. aa the specific heat of the vapour per gram. Now, the 
leniperatiire change of thu cftloriineter itself in the .sitigle experi- 
meuta amounts to sonio 20''. The 44"74 c-al. coiTespoads to 
a temperature change of about 0*7° in the calorimeter. But the 
corrections (based on observation) which must l)e applied to tlie 
caloiimeteric roaiilta Itocause of conduction and radiation befori: 
and after the introduction of water^vapour, amount to from 
■0*5 to 1" in single caaes, or are approximately aa great; as 
the qiiaiitity investigated. These unfavourahle coudilions rto 
oi>erative in all the series of exi)eriments. But even if we 
admit the accuracy of Regnault's determiuatioQB, we cannot deny 
tliat the values found by Jiira can liave hut alight signiticance. 
Water-vapour under one atmosphere pressure and between 120* 
tuid 229'^ is by uo means a perfect gas. It is still far bcneatli 
its critical temperatiu'e of 360", We would expect, therefore, 
that its Hpwjific heat would oshibit peculiarities. Such pecu- 
liarities did indeed come to light in an investigation carried out 
by Loreoz.' Here superheated steam was conducted through a 
calorimeterat such a tem^^erature that it did not cool to the point 
of saturation and condensation, but after a slight cooling made 
its exit, still iji the condition of vapour. The following toblea 
contain Lorenz's value.-*. The temperatures at which the steam 
entered the calorimeter are given under A, the temperatures at 
which it left under B. Under M are. given the means of these 
two tempernturoa, under jj the vapour- preasm-o in Kg. per sqviare 
centimetre, and, finally, under rptho true specific heats in small 
calories per rnol of water-vapour under the given pressures (;0 
and at the given mean temperatures (M)^ 

' Zciiidtriji dts rcreitifl dcutuhtr JngenUurt, 1904, pp. 1189 and 698. 
C'nmparc nJsu llio oliservntiona of Bach nml of Weyr.iiicli, wLicli he &[ao culls 
nttention to [Znlnchr. 4ft Vtmat deiflschtr Iinj^tiitttrt, 187S, p. 77, imd 
1!>04, p. 24). ^iiuilar e]L)>cnn:i«ntB carried out by A. H. Pcake (I'ror. Botfnt 
Snc, London, 7ti (1905}, 185) ilid not givo quite satib-fuctoty reaults, aa tlic 
niiihor liiraaclf obscircs. 
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Loreuz deduced the formula — 

c, = 0-43 + 3 (> X 10' {^(p = -^1^--, T = aba. Temp.) 

as representing hia experimental i-esuUa for the true specific 
boat per gram of water-vupour. Regoaidt's values for 453° abs. 
do not fit this formula at all well, Its applicabllitj presumes^ 
of course, that the tempeiuture should Bot be for outside the 
lemperaturo studied (305" — 339'^). Over this interval it 
shows that the mora the pressure sinks, anil eonsequently the 
nearer the water- vapour behaves like an ideal gas, so innch more 
does the specific heat per mol at conataut pressure approach the 
value T"74 cal. Experiments of Jones,' to -which Lorenz {i.e.") 
refers, anbrd a partial confirmation of Loreuz's results. Aa Thieneii'a 
eshanstivQ discusaion of the specific heats of water-vapour haa (j^^ 
been published by Thieaen'' in connection with the measure- 
ments of Eegniiult, and his own numerous determinations of 
the Velocity of sound in water-vapour. We learn from hia 
discussion that the specific heat of aqueous vapour under 
small constant pressures falls off very considerably between 
0° and 80°. It reaches a minimum of 7'34 per mol at 80°, and 
then rises again, reaching the value 7"94 at 480^^ 

' JoD£s' rallies are giveo tlie prefereace by Car^ienter, See Loreuz's 
paper for a comparison of tlie two series of resulta, as well as fur n diacuH^ion 
of tlie fonuiila and |]|« tliermodynamic rslfltionships connected with it ieve 
also Planck, " TherniodyiMmft," 2iid eiUl. (1904], p. l-.i3). 

' Thieaeji, Dnjdu's Attn., 9 1,1902), 88. Seo also TumlicE {Wiiaer Aoad. 
Per., 1897, Mil. lla. CM, and 189*1, U<i, 1395); further, MacfarlAne (iniy 
{Phii Mag., [V.-] 13, 337 (1882)). 

' We may take inlo coDHideration WtnckelniaiiD'B (^Wial.Ami., 4 (I87Hj, 
7) dctemiiimtions uf the thermal conductivity of aqueous va[>ouT, which g^ive 
indirect CTirlence on the basis of the kinetic gaa tbaory bearing on [lie change 
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Recently Hulbom and Eenning ' liave very much estenried 
our knowledge of the specific heat of water-vapour at the 
pressure of one atmosphere by calorimetric determinations 
carried out between 110" and 800''. Tlie results of their 
experiments give the relation between the specific heata of 
water-vapour and air, so that any uncertainty regarding the 
change of t!ie specific heat of air with rising temperature in- 
flueuces the value for water-vapour, 

Holborn aod Henning give two expreasLona for the mean 
specific beat of water-vapour at the constant pressure of one 
atmosphere : 

(ft) c^tf=oi = 8-03 -H 0-00078( 
or 

fytH^) - 7-60 -h 000078T 
and 

(J) CrtH,03 = 7 94 + 0'00115( 

i^H^, = 7-31 + O-OOUiiT 

In the first case the increase of the mean specific heat of air at 
the constant pressure of one atmosphere is taken aa 30 x 10~*;, 
in the secocd case twice this ammmt. 

The speciiic heat of carhon dioiide at low temperature has been 
investigated by Eegnault between -30° and 10°, +10° and 100°, 
and between 10° and 210°. Eegnault found 0-18427, 0-202413, and 
0'21692 gram-eah per gram. Later experiments, in which he 
varied the pressuiie of the ^ between 1 aud 10 atmospheres, 
indicated that the mean specific heat between 185" and ordinary 
temperature is quite independent of the pressure. The Eegnaiilt 
experiments at ordinary preasures have been rejieated by 

ortLe specifio heat witli tliQ tempeniture. According to these detcnaiiiatioiiB, 
whicii MullLird and Le Chatulier )iavQ availed tbcitiselv«9 of, the (rue lepeciHc 
lieat of wQler-yapour bliould bfl some 12'7 per cent, greater at 100' than at 
0°, wben the preaanre ofLtio water-vtipour nmoUnts to but a fow milliraetres, 
OiJier mdirect determinations have bo^n carried out by A. H, Peaks {I.e.') 
and by A. GrieBaiuaiiri {^Forsihungsarheiten. an/ dem Oeh-iet dea Injenieur- 
ufBcnt, Heft 13 (1904)). They throttled superlieated aUiam. This method 
is QBalogoHa to the procedure of Joule and Thoinaon (aee p. Id). In the 
cnse of a non-ideal gaa a fall of tenipierature t&kea plac^j which liaa a tb^rmo- 
dvnaniitc reliiti'm to the gpcoific heat, i 

' Drude'B Ann. d. l*hynk (IV.). 18 (1905), 739. ' 
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AViedeinaun*witligomewlmt different expeiimontal arrangements. 
According to Wftllner {U-.), Regnault's and Wiedemann's 
results may be expressed as follows : — 

KegitAiilt. 
(^ ^ mean specific heal, - (° 0., 8-2« + 0-005fl6( 
Chco'« true ., „ at f C, &-28 + 01 Wit 



8-56 + 0-O05038( 
8-57 + O'OlOOTGf 



These numbers have been well ctecked by detemiiuatious of 
the ratio of the specific heats made by Rootgen^^ Miiller,' 
and WoUnor,* according to ^-arioua methods. It seems^ con- 
sequently, beyond question that the si>ecific heat of carbon 
dioxide rises rapidly with the teropemture under atmospheric 
preasure in the interval of temperaturo studied. On the other 
hand, the results of Regnanlt are somewhat inaccurate, since 
Lnssaiia' has shown with certainty that under heavy pressures 
tbe specific heat ia a function of the pressure between the tem- 
peratHi'ea of IS^'' and 114"9°. At firat sight there is something 
surprising in the fact that this specific heat should increase ^vilh 
rising tcmjieTature under constant atmospheric preasure, while 
that of water-vapour^ according to Lorenz's observation, de- 
creases under aomewhat higher pressuras. The phenomenon 
becomes more comprehensible when we notice that the same fall 
in the speciBc heat has also been observed by Lussana in carbon 
dioxide itaelf, when the preasjire is greater tlian 54 atmo- 
Bpherea. TJudcr lower pressure there is, accortling t<i him, first 
a decrease, and then later an increase in its specific heat. 

The specific heat of carbon dioxide under the constant Sp«iflo 

best of 
pressure of one atmosphere has been determined calorimetricaUy I'o bo- 

by Holborn and Austin.^ Tliey carried out their investigatioua '*^" 

between 20" and 800°, and darivad the expression — gWP. 



or 



c^co.) = 8-923 + 0-003045; - 0-000000735^ 

«T(oo.) = 7-007 + 00030451 - 00000007351^ 
A linear expressioo which can l>e deduced from Langeu's 

I WiedeiuauD, Fo^, Ann., 167 (1870), 1. 

• PoSff. Ana., 141* (1873), 580. 
» ITioJ.Jnn., 18,94. 

• WW. Jhh., 4 (1878), 321. 

• For^hrittt der Fhi/tHi /tir 18%, p. 345, and 1897, p, 331. 
" SUsar>gshtfr. i/er Esl 2Vwm. X*arf., 1905, p. 175. 
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determiuatiana ut higher temperatures ]3 Iq fairly good agree- 
ment with the reaiilta of Holbom and Austiu, and will be used 
later on instead of these expressiona. 

Aa far tks relatiunsMpa at high tenn)eratm« are concei-ned. 
Mallard and Le Chatelier were the first to study the specific 
heats at constaat volume. They esploded gases in dosed 
spaces and observed the jiTessures generated.* From these, 
assuming the <,'aa law (;ju = ET), the mean specific heat 
hetween the ordinary and the explosion t^nipei'atui'e could be 
calculated basing theii- conclusion on th&m. We will later 
recur to these experiments. It will here suffice to atato that 
Mallard and Le Chatelier recommended the experimental 
formula- — 

c^ = 4-33CT X 10-«f «^ 

for the 3iiecific heat of carbon dio!dde at constant volume. 
Later, they resorted to a simpler linear formula. 

For water-vapour they obtained the following values for the 
mean Bpecific hoata between 0° and ^ i — 



3360 
16-5 



3380 

ie-2 



33-20 
17'1 



They deduced the form\ila — 

iHif.t'C) = 561 4- 3-28 x V^H. 

t-o express these values. Only Kegnault's value for ordiuaiy tem- 
peratui-e was known at that timCj and could be compared with 
their observations at about 3350° so that there was support 
for uotlung more than a linear function. Wiedemann, as above 
mentioned, made measurements of thennal conductivity, and the 
deduction therefrom also agreed with this formula, though, this, 
to be sure, was but scant proof. 

' Certliolot and Veille {Ann. C'him. f Aif«.,4 (1886), 13) inBtitiited Blmilar 
espei'imeDta, but, inatead of tbe etatie prtasare, measured the acceleratiou 
wliicU a mofullc piuluii experiflnccil uciler tLo influQnca of tliia ex.[ilDEion. 
The prriceJiirti waa original with Vcillc. Such high temporatiirea were 
ueetl throughout Lhc tneasuromietits that diasociaLion set in. They thefeforegot 
" flppareiit " specific heats, (hat is, vnluoa which were affected by tlio heat of 
diasocktion, Thtj cak'ulotioH of the real upecific heat from theee " appareul" 
valuea uau hiirdly b« coubidercd very ruliable. Le Cbutcll^r msdv no ruiDicr 
uae of these values wben, a few ymrs ufter tlieir puhlicallou, lio wiui atudyhig 
tho diesonatifiii of caibon dioxide from a the>Qredcal Blaodpoitil. 
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Tn t*'«t l-lieir fiTimilaj Mallan] and Le ClifitrPlier innile iiae of 
three deter minations of thy specitic heal, of mixiui-es of carbon 
dioxide and Avater-vajwiir, Thoy aasiimed that tlie al^ve- 
inentioned formula fur the aia-cific heat of water- vapour was 
correct, and calculated widi its help the sjiecifie Ueat of carbon 
dioxide from the pressure nieaaureuients made on the mixture 
of carbon dioxide and water- vapour, and compared these with 
the values given by their exponential formula. The data are— 



1 






sxpoaenntl furmuli. 


2100° 
1540' 

i280° 


12-3 

10-6 

9-7 


I4r4 

IK 

a-s 


13-8 
11& 




The agr^meut is, as we iiee, a g*nl one. The deviations aruoiint 

to from 5 to 8 per cent. In the detei-minatioua of MallanI and 
I^ Chatelier, it in assumed that at the moment of exploi^ioit the 
comhtistiou is cuinplete. If this ia not the case, but instead, 
great diB&ociation takes place, the '\'alueR obtained would be 
useless, l^ecauee tlie heats of combustion would not be aa great 
as assumed. The Hi>ecific heat would upitcar to<.i high. We have 
an illustrative case in nitrogen tetroxidu at low temperatures. 
Tlii3 gas (XaOi) dififlociatea, on wanning, into 2K0a, and the 
heat-change which accompanies this ^'ives rise to entirely 
erroneouB vnliies in specific heat meosuromenta^ Tlie inference 
that disaociation has token place can^ !iowever, he tested here 
by the results of the explosion methott. The pressure chan^'e 
after the explosion follows a diRerent course when liissociation 
occurs than when it does not. Mallard and Le Chatelier'a 
experiments lead to the strange roaidt that hydrogen and oxygen 
unite completely even at a temperature of 3500^ A closer 
examination shows tliat a complete combination at this tem- 
perature is inconceivable in the equilibrium condition. The 
equilibrium must then have been ovei'shot, or, lietter expressed, 
circumvented. We can imagine that the formation of water 
does not take place liy the path n, iu the following diagram, 
but by the path b, c, and rf. 

< Berthelol aoil O^V, Ann. Ckim. Phys. C&), 3U (1882). 3S2. 
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^ ^^ 

2HiO <- 3HaO 

If the process takes place exceedingly fast, it i.i conceivable 
that it only has time to pass throui^h the eteps h, c, but not d, 
BO that- only lui dissociated water is formed, while had the heating 
lasted longer, free hydrogen and oxygen could not help being 
formed, juat aa though the process had taken the direct course 
a. This unusual condition of alTairs will perhaps be somewhat 
elucidated by au illustration. We may picture a brook flowing 
down the side of a valley into a pool. The water cannot, of 
eourae, flow from the pool up the opposite side of the vallej. 
The only way it can reach a point on this opposite aide is to 
first flow around the head of tlie valley. The sole requirement 
is that everywhere on tliis circuitous route there be a certain 
minimum down grade. The wat^r loses a part of its available 
energy of position in flowing around the head of the valley. It 
loses the rest of this energy as it flowa down the slope into the 
pool. Whether tlie direct or the indirect path is followed depends 
here, just as it does in a chemical reaction, on the relative rtMsi- 
(tnccs of each path, or, ag one would say iu the chemical case, ott 
the react-iofi velocity. The experiments of it Traube and C. 
Engler' confirm the assumption that hydrogen peroxide, and not 
water.is the primary product of the uuiou of hydrogen and oxygen- 
Conditions are quite dLEferent iu tho case of carbon dioxide, 
a very perceptible dissociation heitig observed here, even below 
2000^ Mallard and Le Chatelier estimate that at 2000^ under 
a pi-essure of G atmospheres, it amounts to something less than 
5 per cent, In order quite to exclude any effects due to dis- 
sociation, these investigators employed another methcwi of calcu- 
lation, taking as a basis the expeiimenta of San-eau and Veille 
with the crusher manometer as a starting-poiut. This mano- 
meter is a sort of explosion bomb. The pressure developed in the 
explosion*, amounting to tbousands of atmospheres, compresses 
a copper cylinder fitted into an opening in the wall of the bomU* 
By means of a compression machine, a hydrostatic pressure is 

I Btrl. Ber^ 33 (l&OO), 1110; Jiemet, K phy*. Chfmte, 4C (1903), 720. 
■ Described And tlWtratQd in the Sixtl) I^ectur?. 
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fotind wliicJi will deform similar cyliniiera to an eqiud amount. 
In Uiis way the gaa pressure dpveloiied by the exploBipn is 
measureil. From the nature and amount of the explosion, we 
know tlie heat evolved, as M*ell as the mam and nature of tlie 
gaseous prnxluet of the explosion. We then know that a known 
q^uantJty of heat can cause these gases to exert a measured 
pressure within a certain volume. We aro therefore able, with 
the help of the gaa laws, to calculate the specific beats of the 
gases at constant volume. The method has this advantage that 
the enormous presaurea generated prevent any dissociation taking 
place which would render the reaction incomplete at high tem- 
peratures. In this manner^ Mallard and Le Chatelier calculated 
the mean specific heat per mol at constant volume to i>e — 



4*76 + 000122( for the permanent gases 
5-78 + 0-00286^ for water-vapour 
6-5 + 0-00387i for carbon dioxide 



W Langen baa recently measured the specific heata of those gasiips 

I by Mallard and Lc Cliateliev's original method, and has 

% found — 

^^L 4'8 + 6'0 X /! X 10 * for tho permanent gas69 

^^^^ 5-9 + 3'15 X ^ X 10 3 for water-vapour 

^^^^ 6-7 -1-2-6 X ' X 10~^ for carbon dioxide ^ 

His numbers all signify mean specific beats at oon.stant voUime 
between 0" and f. They particularly apply to tho temperature 
interval of 1300" — 1700^, and, in this region, correspond well 
with the observed pressures. Even up to a temperature of 
2000° they arc not in error by more than 3 per cent. Langen's 
method uf calculating the reaulta of hia explosion experimenta hag 
been criticized by Schreber." Langen got tliree linear equations 
for the mean Bpecific beats of known mixtures of carbon dioxide, 
water-vapour, and the permanent gases between 0° and 1300^ 
0" and 1500°, and 0° and 1700^ Since the spajific heats of the 
three components: (I) permanent gas, (2) water-vapour, (3) car- 
bon dioxide, are the three unknown quantities, it is ^xjasible to 
calculate them directly from the thrt?e equations. Scbruber found 
in tlus way-^ 

> " &{i(tei]ung«ti !Lliur Por^chun^rbeitsn aaf dern Gtjbiete des In^iiienr- 
jToaen,''' vol. viii. (Rcrlin, 1903). 

Diuffkrt iWyteehn. Journ., 318 (1903), 433. 
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Pennaneiit gas , ... 4-^7^ + <)'00Uy3( 

WMn-vji[.piir 7 450 + O-0OU(>5f 

t'uibon dioxide 7 771 -i- 0-f>0l8!*i 

It may lie remarked that tlie iucrease of the mean specific 
heat of water-vnpouT, according to Schreber'a calculation, is 
almost the same as cnlciilated liy Holbora and Heninng from 
theh- ealorimetric deterramations, the increase of tlie mean 
Bppcific heat of air being taking as — 

6-0 X 10-H 
Langen a own computation starta from tlie assumption that tbe 
meaa specific lieat of the peniiuiiLMit gaaea is correL'tly given by 
the fi.rmula— <!„ = 4-8 + 00006^ 

wliicli Mallard and Lo ChotoHer derived from their explosion 
exjierimeuts, and on this basis got the above vahies. It is clear 
from Sclu-eber's criticism that the inemi specific heat of water- 
vapour between 0" and 1300" or 1700*, as tleterioined by Liingen, 
h relatively uncertain. The values of the mean specific heats of 
the permaueat gasea are checked by Steven's measurements ' of 
the ratio (k) of the two specific lieats of air at Mgh temperatures 
made by the use of Quincke's acoustic thorraometc^r. His value 
of K — 1*34 ±0 01 liariiionizm well with the vahieB which MallanI 
and Le Chatelior, aa well as Langeu and Schrelwr, have calcu- 
lated ; while its agi-oement with the values of Mallard and 
Le Cliatelier baaed mi llie experitnentm M'ith the crusher 
manometer is faulty. There are no further results to be 
mentioned in this counection.- We will now attempt Uj sum- 
marize tlie various specific heat formuhe alreaily gtvenj and 
also append a few additional ones. 

For carbon dioxide we have the following formuh-e: — 

(a) r„ = 4-i^'ni}-Y^ accordion; to Mallard and Le 
Clifltelii'r (explosion methml). llaais : explosive pressure in gas 
explosions at 21)00", aud Regoault'a numbers. 

(b) Cc = Cr5 + 2'6/I0 " according to Langen, Basis: ex- 
plosive pressm-ea at 1300^ 1500^, 1700", The caloritnetrie 
determination a of Holborn and Austin between 0" and 800^ 
agree ■with this expreasion. 

^ For the nietlioj aud for a {jriticisTii of the result by Kulahne, see the 
Sixtli Lecture. 

^ HauBJtert's results (/brjeAiiMjjarfeeiVmi au/ liem Oebiet <fc* Tnstnieuri- 
wetfv. Heft 26 (Berlin, 1906)3 are verj- imcfli-tuiii. 



(<;) tf» = 7771 + O'OOlSSdj according lu Sultitibcr. lifisis: 
LiLdgena above-mentioned experimeuLs. 

((/) c, = fl-5 + 000387 according to Mullanl and Le 
Cliatelier. Basis: experiment with tlie ciruslinr iiidiuunetcr. 

(*) It should finnUy bu nddeid tlwit Le Chatelier'- later con- 
cluded to formulate all specific lieata on the supposition that 
the siMicific beats of gases under coaaUiut pressure cooverfjo 
toward G'o per raol at the absolute zero. The values which ha 
therefore considered as the most probable ure— 



PermikEienl ga^cs 
Water- vapour .„ 
Carbon dioxiJii... 



6-5 + O-OOOBT 
«*5 + 0-(Kt29T 
6-6 -I- 0-0037T 



For water- vapour we have the following formulfE: — 

(a) c^ = 5G1 + 3-28/10 ^ according to Mallard aud Lm 
Chatelier. Basis ; exphision obsen'ations at about 3350", 
Regnault'a numlcra for 120' — 230', checked by explosion 
experiments with carbon monoxide, hydiogen, and oxygeti 
based on formula (</) for COa. 

(6) c, = 5-78 4- 2-86^10 ^ according to Mallard and La 
Chatelier. Basis ; observations with the cnislier niaaumeter. 

(c) c„ = 7*450 H-0'001L65(, according to Schreber. Basis: 
T^Dgeu's expert me iits. 

(<?) fp = 59 -t- 2*15(10"^ flccording to Laugen. B&sia; 
explosions at 1300°. 1500^ and 1700^ 

In i.tijr consideration of llie wator-gas reaction we arc 
intci-e.^teil in the difforeuco between the specific heats of carljon 
dioxide and wftter-vaponr, and wo shall use these formuhc to 
compute the value of this differeace for a number of tempera- 
lares. I'urtlier, Instead of tiiin|^)eratiires CcUiu9, we shall 
substitute absolute temijemtures.* 

I C'omjii. i^eW., 104 C18S7), 1730; anJ "CoursJi! diiraie indue trielle.'* 
These arc the vaJuea which Here you Jilptner {Z. amrff. Clum., 38 (1004)^ 63) 

* Tlic following example illuBtmU« tlw method of calculation. Labgea 
stales tliat — 

O^v, (between 0** and H = *!■? -^ 0-0020: 

It follows tbea that — 

C«-,„ (true Rt C) = G-7 -|- 01IO-j2( 
nuJ Uint— C^,„ (inifl at T") = 6-7 + 0-00:i2(T - 273) 

= 5-2K + 0HXlft2T 
ayd iLoti^ C^-g, (between \f Jitid T"; = a-^S + 0-IHJ2GT 
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TrVe will fii-st clioosu LaogeuV values fur conslaut vuluiue. 

Crto, = 5-280 + 2-G X lO'^T 
CM^ = 4726 + 215 X IQ-^ 

CM, - c,K^ ^ 0-554 -f 045 X lO-^T 

^■ta\j - f'rHjOtheu becomes, in the interval between 0" abs. 
and 'P, equal ta — 



*c. . 


.. 1227 


U27 


16^7 


1827 


T 


.. 1500 


1700 


lOOO 


2100 


Cal. 


.. +1-23 


+ 1-34 


+ 1-40 


+ 1-50 



Secondly, we will choose SchrcLer's data for constant volume— 

c^,= G-739 + 0-00189T 
fl,H^ = 6-82 + 001165T 

"^Tco. - ^H.o = -0-08lT"0^00725t 

" Crcoi — c,B,(3 then becomes, in the ijiterval between Cabs, nad 
T", e<iual to— 

°C. ,., 1227 U27 16-i7 1827 

T ... If<<X) I70n 1300 ■ 2100 

L'al. .,. +1-00 +t-15 +1-30 +1-41 

Thiidly, we choose the values of Mallaid and Le Chatelier based 
OD manometer measttremcnts — 

Ci^ = 4-39 + 0'00387T 
o«H,o = 4-22 + 0-00286T 



Crt3o, - c^KiO = 0*1685 + OOOIOIT 
(!ri», " frH,o in the aame interval then becomes — 



«c. 


1227 


14:^7 


1027 


\Hi7 


T 


1500 


1700 


lyoo 


2UI0 


Cal. 


.. +1-684 


+i-88(; 


+2-088 


+ 2-289 



Holt- We will now revert to Hoitsema's ti-eatment of tlie water- 

^Midcra- i^^ reaction. Hoitaema selects the formula which Mallard 
iionre- and Le ChatelitT computed fn>m their experiments with the 
thomifw- fi"'^^^^i' rnanometer to represent the change of the si>ocitic heats 
guire- of the gases Mith the leiu})era.tnres, and Jissuraes them to be 
correct. With their help he calctilBtea tlie difference between 
the s[iecili:c heata of the gasoa npiiearing and disapijearing in tho 
water-gas reaction a& — ■ 



ution. 




0-72 4- 0-OOlOlf 
On this basis he arrives at tlie expression— 

Q, = -10,111 + 0-72( + O'OOlOl^ 
using Berthelot's valuu for the heat of reaction at 18°, and on 
the absolute tenipemtiire scale— 

Qt = -10,232 + 0-16.85T + O-OOIOI'P 

Hoitsema showed that the heat of reaction must therofyre 
becotnQ zero at 2825", which is easily seen to be true wlieu 
we substitute the value (2825 + 273) for T in the equation just 
given, Hoitaema then recalled that the equilibrium constant 
must show a maximum at the place where the heat of reactiou 
passes llirough zero, This follows from cur former equation (see 
P- 64)— (j/nK _ Q 

dH RT» 

For, according to this equation, an increase *//nK will accompany 
an increase of teTni^ralure rfT, when Q has a negative value, 
but afterwards, when Q hdS acquired, the opposite aigo. at a 
higher tein|jerature, 'UhK. must become negative,aEd consequently 
the equilibrium constant must become smaller. How, Hoitaenia 
found that the ratio uf the conipositious of the gases in Ht>rst- 
maun^s expetltnent^ on the explosions of carbon monoxide nnd 
hyili"0gea with insufficient oxygeu shows a maximum — 

t^HjOj<_£cO __ g.oc 

Cji, X Ceo, 

Hu calculated, with the help yf the ah(.iVG-mentioiiod specific heats, 
and with the help of the known heats of combustion of carbon 
monoxide and hydrogen, what the temperature of the gases in 
Horstmann's experiments must have been, when the equilibrium 
constant showetl lliis maximum, Tliis temixiniture cama out 
at 2700'^, wliich is evidently very near to the value 2825'. 

We have treated this calculation so exhaustively here Luf-gia'i 
because it has played an important rtJfe in the subsequent study ^^^[1**'''" 
of the question. It would seem at first sight as though its wau-r-goa 
results were suifieieutly unequivocal to definitely settle the brhlm 
location of the water-gas eqiiilibrium at all temperatures. Thus, 
as Luggin^ has shown, if we turn to our formula — 
1 Joum./. QtuM. «. WcaKTVtrtortj. {1898), 713. 
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A ^ Q- - cfT^TiT - rr'T" - \Wn '"^ *^^fr + const. T 
after an easy trausfortuatiou we ficd.for the case of equilibrium, 
where A = and ^^5^-?^ = K 



u = S^- 



ET E 

The constant k' lias the value 

liriggfiian logaritlims — 

l02"K = 



'^InT- ~T - iii\\.-\-k' 



U 

const. 
K ■ 



If, finally, we insert 



"' W ° ^ 2-311 ^ 



Hei^ fc" = r ^^^ 



V°K= - 



2-3 X It X T 
n.oo- Inserting numerical values, we get — 
10,232 



0-1685j^^,^_0^m01^^^, 



R 



a-a X K 



23 X B X T 

Wfl can directly calculate the constant h", if it is certain that 
tlie eqiiililiriuiii constant K for thci T = 2H2^j + 273 has thu 
value G'2o. Cnrrying out the calculation on thia Lasis, and 
inserting the value nf /■" obtained (putting R = 2) — 

log" K = - * „- - O'OSiSS log"* T - U^0CI022U5T + 2-'*943 

If MB now recur to our main formulii, we may write it aa — 

A = -10,232 - 01685T/7^T - OOOIOI'P 

- RTfa ^"'^' ^^'''° + 10-725T 
tu, X K^ca, 

Yet if we critically examine the basis of this formula, we are 
met Ly a aeries of grave objections. The correctness of the 
whole matter is evidently dependent, in the first degree, upon 
how close to the truth are Mallard and Le Chatelier'a values for 
the specific heats. Indeed, this dependence is of a double 
character. If, for iiiaUnce, the specific heats of carbon dioxide 
and water-vapour were each sliglitly altered, the percentage 
effect of this change on the amalldifTerence of the twoqnautitiea 
(016S5 +0 00101T) would be lar^e. I!ut a small difference 
ill the value of Uie second term of thi^ expression (that Ls, 
OOOIOIT) would be nufficient, at these temiieratures, where Q 
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becomes equal to zero, to give entirely different numbers. If 
we assume the values of Laugeu as Lriit- f^jr all ttimperaturcs, 
the difforenue of the apecitic heats of carbon dioxkio and water- 
vapour ia 0-554+ (J 000451'. We yet, tlieu, by a similar 
develop meat — 

Qt = -10,298 + U-554T + O-OOO-tST" 

aud Q does not became equal to till at about 4000', or at a 
temperature some 1000^ higher tlian before. 

In the second place, the values of the siieeific heats deterniine 
what temperature one comjiutea for the gas mixture at the 
moment of explosion from the heats of combustioo of carbon 
monoxide aud hydrogen. Here tlie sum, and not the difference, 
of the specific heats comes into conaidenition. An inaccuracy 
in the dilTerence by no means involves a like inaccuracy in the 
sum, and eicr. versa. The agreement i>f ttte maxiiuum teiu[)era- 
tures. which Hoitsema deduced on the one hand from Horst- 
mann's gas analysis, aud on the other hand from the heat of 
i-caction, is therefore just as uncertain as the temperature «L 
which the heat of reaction becomes equal to zero. 

The other basis for Hcutsenui's value is the number 6*25 for 
the maximum value, which the ratio — 

Uaj X C' h,o _ |, 

Ceo, X Ch, " "^ 
roaches in the cxjilosion experiments. The calculation of 
Hoitsema can only be right, provided the ratio, after it has 
adjusted itself at nearly oOOO\ in the ninnient of the explosion, 
does not alter during the cooliug. It is, however, improbable 
that this cooling ia rapid enough to retain nnalterod the com- 
position of the gases reached at these high temperatures. 

Hnitsenia himself noted that Macualv and liistori had 
made experiments with the gases produced iu tlie detonation 
of explosives. Tliese are chiefly carbon monoxide, carbon 
dioxide, nitrogen, hydrogen, and water-vapour. Their experi- 
ments did not agree witla Hurfttmann's respite, aud could only 
be brought into accord M-ith them by the assumption that in 
Macuab and Ki.>^tori's experimentij tlie gases reacted further as 
they cooled off. We should also point out in this connection 
that repetition of Horstmann'a ex|.erimonts by liolch,* and 

' LUb-Aniu, 210(1881), 2U7. 
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especially by Dixou,' have given results which cannot be recon- 
ciled at all with those of Horstraaim, and awaken the guspiciop 
that the walls of the ve&scls affect tlie lesuHs of the explosion 
process t<i such a degree »« to render such expcriraentfi value- 
less for caiculatioM of the equilibrium. 

In view of these considerations, it moBt at first seem Tery 
surprising that Luggin's formula^ baseil on Hoitsema's compu- 
tation — 

log^° K = - -^^ - 0-084G3 log'" T - 0-0002203T + 2-4943 

should fit so well those observations of Harr]eB> which Lu^in 
was able to uso in testing it. Hairiics ha<l, at H. Bunte's 
8ug;yestion, passed water-vapour over glowing coals and deter- 
miutsd the comiwsitioH of the mixture of hydrogen, carbon dioxide, 
carbon monoxide, and water-vapour fonncd. Harries' results, 
as com])uted by Luggui, were as follows : — 













Gu 




ml. 

LugKin. 


PC 


tl. 


CO 


CO, 


n,o 


oummt. 
Litres per 


K 
obi. 


674 


Ml 


0-^ 


3-64 


87-12 


f^fl 


ITO 


049 


7a« 


22-28 


2-67 


923 


66-&2 


18 


0-85 


u-7n 


8cM 


-26 68 


6-04 


11-29 


M-09 


3-66 


l-Ol 


U'd8 


838 


32-77 


796 


12-11 


47-15 


3-28 


0^J4 


o-ys 


861 


36 46 


11*0 1 


13-33 


3918 


6-3 


0-89 


1-07 


9M 


■MM 


32-70 


5-66 


17-21 


0-3 


2-25 


141 


1010 


47-30 


48-20 


146 


3-02 


Iil5 


9-12 


1'g;. 


lOtiO 


48-84 


46-31 


1-25 


3-68 


9-8 


2-78 


1-6)* 


1125 


50'73 


48*1 


0-60 


0-303 


113 


0-48 


■lAl 



From the given compositionB of the gaa mixture, the ratios — 

*^' H^ X C'co _ -J- 

Ceo, X Ch, ~ 

are first calculated for the various temperatures. Beside them 
are placed the values of K as calculat&l for the various tempera- 
tures from Luggin'a formula. Though these experiments were 
merely undertaken to determine the effect of water-vapour on 
glowing coal, and were executed undor exi>eriniental conditiona 
which gave no asaimmce of the constancy of the temperature, 

' FhU. Tmtit. Rvy. SvCr, 176 (1884), 018. 
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yet, with a few exceptions, there is a surprising agreement 
between the values of — 

Clo, X Ciij 

ami the values of K, calculated frrim Luggin's formula, 

Boudcniarcl then iitatitiited exi>eriraeiits to fix more accii- ns|«Ti. 
rately the eipiJibriiuu couBt^ut by leatHug carbon di'^xide and mcnia »r 
hydrogen into a hot evacuated vessel, which contained platinum 
as a contact substance. After a long heating, the gas was 
eucketl out, and its composition determined. The results are 
etitiitily Useless, for the composition of the gas before and 
after the experiment does not satisfy the stoichiometric requii^e- 
ments of the reaction. When, for instance, Boudouard started 
■with a mixture coutainmg 51 per cent. COgand 49 per cent. Ha, 
there muat have been 51 per cent. (COj + CO) and 49 per cent. 
(Hj + HaO) after the experijneut. Iristead of this he found, 
for iuBtance, 602 per cent, CO + 00a and 39'8 per cent. 
(Ha + HjO), Habn has adduced yet other legitimate objec- 
tions to Boudouard'a experiments. He himself^ then subjected 
the problem to a careful atudy. 

On the one hand, Hahn led iiiixtures of carbon dioxide and Eijicri- 
hyilrogen over I'latinmii as a contact substance, and, on tlieS*?'*"^ 
other, mixtures of carbon monoxide nnd water-vapour. The 
values which he obtained in the first Ciise for the equilibrium 
ai*e given under («), those in the second case under (fc). The 
computation was canied out by Halm in two ways— first using 
Liiggin's expression exactly as given, and then again using it 
after the therm odynamically indeterminate constant bad been , 

slightly alteretl {2-4943 to 250843. 



( 


T 


a 


h 


Uean. 


Cftlcula 
8-4U3. 


led with 

2-&084. 


686 


959 


0-534 






0-605 


0-523 


786 


lO&O 


0-S72 


0'808 


0'84O 


0-790 


O'ftSI 


B8« 


1159 


1-208 


1-186 


1-197 


M33 


1-170 


9BG 


1209 


1-&9G 


1-645 


ir.7l 


1-520 


CI -570) 


]IXI5 


1378 


1-62 


— 


— 


vmi 


l'(>50 


insti 


13r»9 


— 


1'9G 


— 


i-»3a 


2-0(12 


1205 


1478 


2 l-i(J 


— 


— 


2-457 


2-538 


14C5 


1678 


2-4y 


'**• 


~^~ 


3320 


3-433 



Z.f. pAj)». CTejrflw, 44, 510 acid 48, 735. 
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In Lhe iiiLerviil lietween 686' and 10R6°, Habn's exj>eri- 
inents agree siirprisiDgly well witk tlie Hoitseraa-Lu^iu curve. 
The v[ilue3 for 1205" ami 14:05'' are divergent. Haha later 
attempted another computation in order to explain these 
divcrgeucea. Jfe iiBeil the Le Chatelier supposition that the 
Bpeeiik heats of all gases under constant preasure equal 6o at the 
absolute zero point Like Le Chatelier, he further makes use 
of the asaumptioo that the specific heats, (it any temperature, 
can be approximately represented by the linear formula 
6'5 + xT, but chooses anotlier value for x than did Le Chatelier. 
He takes <35 + 0'0042T as the molecular si^cific heat nf 
carbon dioxide under constant pleasure between 0' and T', ami 
65 + 0'0024T as that of hydrogen. Le Chatelier hiiuseir took 
G'5 + 0-CI0:i7T for carbon dioxide and G'5 + O"OO020T for water- 
vapour — aa "we saw before. Hahii's apparently insigLtficant 
change in Le Chatelier'a values causes the diJference between 
the specific heats of carbon dioxide and water-vaijour to come out 
entirely diflerent,' O'OOIST being obtained instead of O-OOUST. 
Halm did not attempt to justify his procedure by a comparison 
of hia vahiea of the sj.>ecil]G heats with observation at high tem- 
peraturea. He was satisfied to find that the obaervatioiis which 
he had mado at 1205' and 1405° upon the equilibrium appeared 
leas divergent when lie made this assumption regarding the 
sjj^citic heats, and consequently used the formula^ — 



lo2 K = - 



2236 



- 0-Ol}03903T + 2-4506 



based on it for his calculation, 

<J«I. Iv ... 0'ji7 0-K M9 
Found K ... 0-53 0-84 1-20 
fO. ... 68(3 796 886 



He obtained in this way — 
i-.'>r> 1-62 vn 2;i3 2-94 

1-5T (l'fi-2) l-9ti 2'I3 2-40 
ma 1005 1066 1205 1405 



' Tliis becomcH CBpeeinUy apparent wlien wo compiite the ?alue ot 
(^nco^ — ^.m^O). ft* we hnvn already (]nne eiiove (p. 134). Accoriiing to Lo 
CliQtelior, iU vnliie is O-OOO&T ; accor<3irig lo Hahn, 0HXI18T. If wc place ab 
befgre — 



1227 

1500 



wc glil — 



I-e Chatelier 
Halm .... 



1427 

1700 

+ l-3fi 

+ 3-0<! 



1627 
ITOO 

+ 1-5-2 
+ 3-42 



1827 
2100 

+ 3-7« 



Wliilc Lo CJiRtelitir'ii values iinirurmly accord wiLh tboBO of Lniigen, Sclirebei", 
and Mallflnl aiml Lo Clmtcliicr, Ualin's vnliii^s ntc very different, nnd fire 
quite Tinconlirnfed lij'any obMervntioii, 
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Halm's QssiiinptioQ eviileiitly does not bring observutioo HhIju'b 
aud calculation into agreement. One is therefore led to inq^uire j2<!5''''*iio»l 
whether these values of Hahn cannot lie otherwise ex[ilameil. »o5°. 
Halter, RichHnlt, and Alliier, who continued the study of tlio 
question, investigated how quickly the composition of the 
gas mixture in the water-nas equilibrium changed with 
the temperature, when it was allowed to cool without touching 
the solid walls. They found that wJiou the temperature fell nt 
a moderate rate, the adjustment of the equilibrium to<ik place 
with sufficient rajudity above 1000°, but not below, Yram 
Hahn'a own observation we see tbat platinum lowers this 
temjierature of rapid adjustment to about TOO", It is cortainly 
permissible to assume that the rate of adjustment oti porcelain, 
quartz, and gimilitr aolid bodies would have an inteniK^diate 
value, for g.is resections are, in general, accelerateti by ctmtact with 
hot. Solid wfllL-^. It consequently seoms very probable that the 
compoaitton of tbe gas mixture in Hahn's experiments changed 
at temi>eratUTe8 above 1100° after it had left the platinum mass 
servinr; as a contact substance, and while it co<iled off in contact 
with the quai'tz walls of the appamtus. Hahn did not (ail to 
consider tbia poasil'iHty, but Ity observing that he obtained the 
same re-'jults with Iwth slow and fast streauia of gas, he felt 
assured that no such changes iu composition took place. This 
pi-oof is, however, not eouclusive, as Nenast has shown. The 
temperature-fall iu a gas streaming from a hot tube does not 
keep pace with the changing velocity of the gas's motion, but 
depends greatly on tlie thermal conductivity of the gas and 
the other thermal pmperties of tli(i system. The only guarantee 
against a displacement of the equilibrium in cooling, would 
have be«n to have the gas pass dSa-ectly from the glowing 
platinum into a cooled tube. A further uncertainty arises from 
the fact that Halm used quartz vessels for his e^tteriinent:?, 
and this has lieen shown by Viltard,* by Jacquerod and rciTot," 
and by Berthelul * to be permeable to hydrogen and other 
gasea above 1100.'* A statement of Berthelot makes this very 
plain. He says that 1 c.c. of hyJrogen measured at atmo- 
spheric pressure was i^ealed up in a quartz tube of 5 c.c. 

' Cornet. limd., 130 (ITOO), 1752. 
* tbid., 131) (1904), 7H9. 

» ;m., 140 (iyo5), 8:^1, 
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capacity, and the tul^e heated for au hour tn 13U0\ After the 
heating, it wns found that 44 per cent, of the hydrogen usetl 
liad disapiieared, while 14 fier cent, nf lutrtigen had entered. In 
other ex[>eriinent3 CArlrai heated to 1300° — 1325° in evaciiat-ed 
quartz tubes, in the air, was attacked with the formation of 
carbon monnxide, showing tliat oxygen hod diffused through the 
quartz into the tul>e. Indeed, we pfifisess no material of which 
we may eoiiatruct a veaael impermeable to the components of 
water-gas at temperatures above 1200°, Platirmm, like quartz, 
19 permeable to hydroj:^en, while porcelain, accordiog to Tc^^ults 
of Le Chatelier and Bondouard,' allows perceptible quantities of 
hydrogen to pass through at L200°, and lai^ qnantities (2 mg, 
from a purcelain vessel of 60-70 c.c. contents) at 1320°, 
according to measurements by Crafts. Besides this, porcelain, 
because of a small amount of iron oxide which it usually con- 
tains, acts chemically on the hydrogen at these high teraperatures. 
But we have direct evidence against Hahn's resultfl above 
1086^ HaW, Elichardt, and Allner have determined the water- 
gas equilihrium in o[>eu flamea, and have found values between 
1250" nnd 1500°, which agree throughout with Hahn'is original 
calculation — 



log K - - 



2232 
T 



0'08463 logifl T - 0'0002203T + 2-5084 



So that this must pass aa a reliable determination of the 
location of the water-gas equilibrium between about 680* and 
about U80**, or over an interval of 800". 

In view of these results, it might be useful to gi^•e a brief 
summary of the values we should get for the equilibrium 
constant, and the change oF thia constant with the temperature, 
when we use othei* data for the specific heats than those of 
Mallard and Le Chatelier (from the ci-usher manometer method). 
We will therefore calculnte the values of K— 

(1) Using the heats of reaction acc<inling to Eerthelot, and 
the apecifio heat of carlwn dioxide and wateT-vap<mr given 
by Laugen, we assume the value of K at 98G° = Vh'J as 
correct. 

(2) Using the heat of reaction according to Berthelot, and 
the specific heat of carbon dioxide and water-vapour which 

' " Tuitipemturea <3)ev#es " (PurJB, 1900), p. 47. 
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Sdirelier computed from Langeii'R observations, wc asBume 
here, aa l)efore, tliat the vnlue of K =^ 1'57 at 9S6'' is correct, 
Fniin (1) we get the expreBsidn — 



log K = - 
From (2)— 
leg K = - 



2245 



- 0-2783 lo-j T - 0-0000981 x T + 3-9653 



2213 



+ 0-04001 log T - 0000158T + 2-0206 



Beside this, are arranged (3) the numbers ohserved hy Hahn, 

(4) the values derived from Hahn's earlier fiirmulEP, and finally 

(5) nuinhtrs computed by means of another entirely different 
formula, which will Ite iliscusaed further on. This formula is — 

2116 



IogK= ^ 



+ 0-783 log T - 00043 x T 



t 


T 


1 


% 


S 


4 


fi 


ose 


9S9 


0-50 


0-49 ' 


0534 


0-52 


052 


786 


1059 


0-79 


078 


0-840 ± 0-032 


0-85 


082 


8B6 


1159 


115 


112 


1-1!'7 i-OCm 


1'17 


119 


!IS6 


nm 


tl'57) 


(1-57) 


1-571 -l-0-0-2fi 


Ll-57) 


I'GO 


100& 


1278 


* ' 




l-U'i 


lfi5 





10»G 


1359 


2-04 


2-OS 


:-956 


a-o(» 


2H)4 


1206 


1478 


2'fi7 


2-66 


2-126] 

•2-49] 


254 


2(50 


1405 


1678 


A-m 


376 


3-43 


3-48 


1500 


1773 





4-27 


. — 


— 


3 87 


1600 


1873 


4-70 


4 81 





4-24 


4-24 



We see, in the first place, that the numbers under (1) (up to 
1405' at lejist) do not materially dilTer from those under (4) 
and (2). The niimbere under (1), howe^'er, are hased on 
Langen's specific heats, which, aa we saw before, are wholly 
irreconoilahle with Hoilsema's maximum, It ia evident, then, 
that tlie observations nf Haniea, ilahu, Haber, Kichardt, and 
AUner do not eonfirm the existence of Hoitsema'a maximum. 
C^insidei'od alone, however, it has no Bignifieance, and may l)e 
dismissed from our consideration. 

If, now, we survey the entire question, we see that the use The 
of all previously mentioned values of the specific heats in our '^'^"'w»- 

, \ dyniLiDi- 

fomiula — catly 

A = Q. - ^"IhiV - ^-r - mv«^-^-^."^ + const. T mfS' 
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leads lis tfi nssiiine a large value fnr the thennndyiiamicHlIy 
in«le terminate consUint. Luggin calmlaWs il, \m ibe basis of 
Mallard and Le ■C'hatelier'fi valueSj to te+10'725. Hahn's 
observaUous chatij^e tliia tmmliCf to 11,438. With Lacgeu's 
specific heats it Iwcnmea 13,521. Recalculation accordjag to 
the values of the spe^^ific heat computed by Sclireber makes it 
9'24. We should expect zero inatead of these value*. A formula 
which would give such a value ia— 

A = -9n50 + 155T/hT - 0'00195T3 - RT^bJ"!--^ ^-^ 

A simple transformation of this formula gives the flbove- 
mentioned exprusaion, by means of which the nimibere in 
the fifth column of the above table were calculated. They 
agree excellectly with tlie obaerved values. The quantity 
'^cOa — '"iiio becomes on this basis — 1-55 4- 0'00195T. This 
difference of the mean specific heats between 0° aba. and T*, 
computed as l«efore for n series of temperatiii-ea, gives the 
number.si — 



(°C. ... 


.. 129T 


t4i7 


1627 


1827 


T ... 


.. 150(1 


1700 


IflOO 


■2KK) 


QrarO'-ra.l. 


.. +1-S7 


+ l'7l) 


+ 2-15 


+ 2-54 



These umnhera, both as regards magintuJe and sign, are very 
cloBQ to tliose wliich we pre\T.ously found from the reaults of 
Jlallard and Le Cliatelier, Langen ami Siihi-eber. Since it is 
lirecisoly this interval (between T^OO^ami 1700^) wlddi is best 
&tudied, the ajfreementa of our assumption with the other 
formuh-e jiives it added support. According to o'ur formula, 
the sign of the difference changes at 522". This does not agree 
with the results of Kolboru and Austin and of Holboru and 
Hciining. Calculation based tipon their observations shows 
that the dirt'oiences between the mean specific heats of carbon 
dioxide and water-vapour between 0" abs. and T^ are — 



1°C. ... 


527 


727 


927 


T 


800 


KKX) 


!200 


Qnim.cal. 


... +0-54 


+o-6a 


+ 0-6? 



The differences as calculated from our formula are greater 
at temperattii-es above, and less at temperatures below 350*. 
Yet in reality there is no contradiction between the two, for 
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the measurements of Holborn and his associates did not exteud 
higher thao S^O", and our forn:iula does not claim to l\e applio- 
ahle at any temperature below 650^. But the iliscrepancy 
is small between 65(r and 850", and, indeed, we shall see 
in the nest lecture that we, using our fonuula, obtain correct 
values for the energy of formation of water-vapour from its 
elements at temperatures a great deal lower than 650'', 

There is still a word to be said regarding the heat of reaction 
Qu ^ —9650, which we have assumed. Since we maintain the 
accuracy of our formula only for high teiuperaturos, we are no 
longer justified in using it to calculate the value of Q|>. A 
correct procedure would be to first calculate the value of 
Q for say 700^ C. from its value at ordinary tejnperatures 
(-10,000 to -10,100 cal). using the formulae of Holboru and 
hia co-workers. From this we could calculate Q^, using our 
expression — 1"55 + 0001951. But the heat of reaction 
changes so slowly with the temperature that for the present we 
may call Q^^ approximately equal to —9(350 cal. When the 
equilibrium constant of the water-gas i-eactiou and the specific 
beats of the gases taking part in it are better known, this can 
be easily eorreeted. Meanwhile the equation — 

Ceo, X Oh, 

of the 



A = ^9650 + l-55T//tT - OOOIGST" - UTln 



may be rec^ominencled for calculating the location 
equilibrium for hij^-h temperatures (above tiaO"). 

Another fact worthy of notice appears from Halm's observa- 
tions. HaliD foimd that the equilibrium constant becomes 
equal to unity at 830*. It follows from this that carbon 
monoxide ami hydinigen are equally strong reducing agents, and 
carbon dioxide and water-vapour equally strong oxidizing agents, 
at this temperature. At lower temperatures carbon monosidy, 
at higher temperatures hydrogen, is the stronger reducing agent. 

Reviewiug now the cases discussed in this lecture, we seeCondud- 
that it is possible to consider the thermodynamically indetermi- ^^,£^ 
uate constant as equal to zero without in any way conflicting with 
the facts. Our conclusion is not, however^ a rigorous one, for we 
have everywhere found great uncertainty regarding the specific 
lieata. Now, only the logarithms of the ratios of the concentra- 
tions enter into our equation, while the specific heats appear as 

L 
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multiples of their differences. That 13^ ia the expression for 
IU»K we have V multiplied by the factor Inl, and u" multi- 
plied hy the Btill much larger factor T. Two observations 
may be made in this counection. 

If we consider adherence to the equation j3ii = ItT as a first 
criterion of an ideal gas reaction, anJ the equality of the epecific 
heats and their constancy with the temperature as a second, 
then we should espect that the ordinary gag roaction would 
satisfy the first much tetter than the second criterion. For 
the logaritk-m of a ratio is but slightly affected by small changes 
in tlie separate q_uantitios, while the multiple of a dijfnxnce is 
■very sensitive to any such changes. It follows from tliis that 
the study of chemical equilibria at lirgh temperatures offera 
much better conditions for the accurate determination of the 
specific heats of gases at these temperatures than does either 
the acoustic or the calorimotric method. This fact is also of 
Importance in comparing the results of Bodenatein's study of 
the hydriodic acid, equilibrium with the acoustic measurements 
of Strecker. To be sure, we only get the diflerence of the 
specific heats from such equilibria measurements. But the 
Btudy of diasoeifttions where a single gas is in equilibrium 
with solids allowa ua, as was shown at the end of the last 
lecture, to find the specific heats of many gases provided we 
know the siiecific heats of the solid substances and the dissocia- 
tion pressures. Thus carbon dioside could be studied in the 
dissociating carbonates^ hydrogen in hydrides^ nitrogen in 
nitrideSj and oxygen in oxides.^ 

' Tlie plichoiQenn. of "nging" ehown hy Tnany substances at OTditmty 

lempemtureR (sue, for mstjinCe, ITalief and van Oordt, Z.f, anorg, Chtm., 38 
(1904). S78) niiglit vory toiwiJoraWy coinpliciktu lliese iliBSOciatioriB at hjgh 
lcmi.ieratnres. Tliid view Ims been e«pegialtj' empliasizcd by WbJiIer iZ.f. 
Khth-ochrmie (U'C5),836), who mveatigateil tho dinBoeintiian of (hti palltidium 
oxideR. Se<3 qIbo in this coniieclion Joulin*g experiments Trith tlio cnrboDato 
pf manganese, Ann. Ofiim. t'hi/s., [i) 30 ^1S";^), 277. 




SOWK EXAMPLES OF REACTIONS INVOLVING A CIIAN'GE IN THE 
NUMBER OF MOLECULES 

TaE second class of reactions, that is, reactions where Si*' is not 
zero, but where instead the number of molecules cliatigea 
during the reaction, also retiuires a brief prelimiiiarj discussion. 
Since pressure is here the go\'erniQg factor, we sb&II use partial 
pressures in our equations in accortlance with our previousi dis- 
cussion (p. 52). This usage is not the geueral one. FoUuwbig 
Le Chatelier and Plaock, it has Ijeen usual to employ so-called 
"numerical coaceotrations." These are identical with the 
partial pressures when the total pressure is one atmosphere. 
At other pressures they are equal to the q^uotient of the partial 
pressure over the total pressure, If we call the numerical 
couceutrations e, then, taking as an example the formation of 
carbou dioxide^ 



_Pco, - _P^ 



POt 



«oo* = p-. '^co = cr> *°^ % = p 



and so- 



PCOi 


= 




"SOOj 


xP 

(^0, X 


py 


— 


Ceo, 

'■CO X f^. 


X 


1 


Pco X A 


fi.n 


X P X 


v/1' 



where P si^ifies total pressure. 

If now we write the expression for the energy of the 
formattou of cai-bou dioxide, using imtuerical concentrations/ 
we get— 

A = Q^ - cr' T;«T - «"T« - nT;M_-i«!-^ X ---+ const. T 

eca X rt^, ^P 

' l'lQnck''a dofinitioii of equilibrium sBj-a ("Thej-fJUSiIrnaTiiil:," 2ml etlit. 
(1005). part. 241)" 

/T\-. + ''„* - -. _- 
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or — 



A = Q^- o-'pT/nT - a"!^ + Y^nV^ - KTtn 



CCOt 



'•■CO X ci, 



+ const. T 



The result simply is, ag wo see, that the effect of preeaure finds 
a particular expression in the term HTlnV*, while in our usual 
notation — 



A = Q^ ^ a'pTlnT - o"T« - ET^n 



PcOj 



rco X 2>hi 



-I- const. T 



nothing is specially emphasized. No use will he made of this 
rearrangement in what follows. 

After a short preliminary diseussion coucerning compounds 
of oxygen and nitrogen, we shall consider in detail five reactions, 
namely — 

If vfQ take tti6 logaritlimB of tliis expression, we olitutn our fonnulei — 

3r'{Kc' = Ina + V/nT - X^'lnp - ^, + c^.T 

Here p represenU the total pressure, and HWy be combined -witli the nnmericft? 
{ionWEitrattoaB, when we Dbtain — 

= ha + 3/?nT - 3w%p' - *. + rfnT 

Here p' represents partial presBure, and i^'lnp' tlie EHjtiilibriHm constant Kp. 
Plancfe dofioea (-6) ob -„" and (-c) as ( ^'} in onr notation. Siitstitntiiijr, 

WB get — 

= ^ - ^fnT + a.''(r.T - Sv'inp' + Ina 
But— 

SnbatikitJng this ia the above cquatTOli, and niultiplying by RT at tlw same 
lime, it follows tliftt — 

0=0,,- ff'^TirjT - ET2r7fij/ -I- (R?*.a)T 

The c(]Ha|-ioLi tlieu Iiab exactly tbo sniiie mcniiiiig qb ours. A la given Uie 
particular ynliie applying to the eqiiilibrimn connUtion, nnJ a" is considered 
as n«g]igibla. Tlieii,. too, in place of our coiiHtutit, there is ttn expresBion R/tta, 
'Wlierc a Ih also a. conetniit chusen chiefly for cotiveiiionce in cakul^ctjons. 
Planuk in pccieral omits tg conKJdur thfl difTcrerices in Bpecific heats at couGtnnt 
volume, anil thus asiiunieH timt tlie heat of reaction nt conBtaiit volume does 
not changt! with tlietetrpcrAturfi. Tho " dictate of Gxpcriciicc that an clement 
liaa tbe saiiic BpociAc beat in "iM various couipouiids " ia cons^idered by Planck 
himaolf ^a merely a ftret approximation {l.^., para. 01}. For the liistory i»l 
thiB principle bm p. 66. 
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1. The formation of carbon dioxida from carbon monoxide 
and oxygen. 

2. The formation of water from its elements. 

3. Deacon's process for the raanufactui-o of IiydrocLIoric acid. 

4. The formfltion of sulphur trioxide from sulphm- dioxide 
and oxygen. 

5. The t'omifttion of ammonia fram it-^ elenieuts. 

The formafciou of nitrogen tetroxide from uitrojjen dioxide is Niironeu 
a frequent text-book example of an equilibrium with an unequal unj^n^r^. 
number of reacting molecules. It ha3 been studied by Playfair gfln 
and Wanklyn,' by R, Miiller* by DoviJIe and Trooat,^ by Kd. 
and Lad. Natauaon,* by Nanman,'" and by von Salet.^ Gibba,' 
BoUzmann,^ van't Hoff," Swart,^* and Schreber/* have treated 
the case mathematically." 

This intensive treatment has been of great importance in 
the historical development of the theory of gaaeona chemical re- 
actions. We muat, therefore, at least mention it, although our 
treatment must be very brief, as it does not immediately 
concern us at present. We shall make use of the data for the 
equilibrium constant wWch Schreber '" has critically computed 
from the experimental results of thu Natanaon brothers. 



tetrotiJo. 



' Ann. Uhctn. i'hatfH., VH,'!^. 

^ Ibid., 122, 1. 

^ Compt. Rend., 04, 237 (1867) ; cutup, aleo Btrl, Her, {IS18), 2045. 

^ IP.W- A,in., 2i, -151 (lilUS), and 21 (\m&}, 606. 

^ Ann. Chem. Pharm. (1868) ; BUjipl. vi. 205. 

« Compt. lieiid., HI, iSa. 

' '■Thomiodyi],iniiache StLnlicii," trariBlited into German by OatwaU, 
|.. 210 (Leipzig, 1892). 

' B'tVA Jn»,,22, 72(J8a4). 

• " Stutliea zur chtm. Uyaamik," twu van't Uoff-Coheu (Leipaig, 1896), 
p. 150. 

i» Z./. pAyj. Chemit. 7, 120 (\Sn). 

" /Wrf., 24(1897), G51. 

" Comii. aluo Ncrust, " 'Jiieoret. Cdera.," 4th edit., p. 437. 

" Schrebec miikea usd of BH'Other deliriition of tlie equilibriuin coae-tant 
than we Have chosen. His nifcre (1) not to formnCion, titil [u dL-comiiosition ; 
(i) not to I mot N^O^, bul to arm mo! ; (3) hia unit of pressure is not an 
alQioNjihere, tttit n millimetre of merqury. Our equilibrium coiutaut, there- 
fore, Lienrs tUv fallowing relatiiju to lii» : — 
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We see, iu the first place, that to the reaction — 
Gwresponds the equilibrium constant — 

E^nili- Xliis can be calculated from tiieasurenieiits of the density of 
■tBDts for" the gaseous mixtures, sinco this incroases as the formation of 
tliafonnu- nitj^gQQ tetrosidc progresses.'^ 

Diiro^'fii The following table was so oblaiDod;— 

tctruxidij. 



oc. 


T 


8-Ofi 


K(hK, 


00 


273fl 


4i3a 


18-3 


29 1 -3 


3-71 


2-5flS 


49-9 


mt'i 


M16 


Oi!lS 


V3-6 


;t^6-6 


l>544 


- 1 illT 


Oil-J) 


372-8 


0-273 


^'tim 



Wls Cftu easily oalculato the degree of dissociation at a glvoii 
total pressure 1' of the mixture from the equilibrium coustaut 
Kyi, if we remember that the total pressure ia simply the sum 
of the partial pressures — 

i* =i'Noi+iJs»o, 

We can further see that if £ represents the degree of diasociadou, 
1 — a: is the fraction of the mols of tetroxide originally present 
still unchanged, and 2j; the number of mols of dioxide which 
has been formed. The total pressure is therefore exerted by 
(1 — :t) 4- 2r, that ia 1 + :t; mols. The partial pressure Fjso, ia 
exerted by 1x mols of NOa, and the partial pressure Ph,Oj i^ 
exerted by (1 — a:)Na04. But since the partial pressure bi^ra 
the same ratio to the totiJ pressure os the mols of gas 
produciog it do to the total number of mols, it follows that — 

-T-T^x^'^^'V ^l+fl> 

' For Uie relation uf pBtUal |ireimire and dewty iii tbte esse, see Nernat, 
"Thflor. CUeniie,"4th edit., p. 437. 




So iiitrogoQ peroxide Is, for iaatauce, half 
{z = 0'5) under atmosjiijeric pressure when 



dissociated Degree of 
the eciuilibrium li'^f"' 



constant has the value U"865, that is, accordiflg to the table, at nitrogeii 
about 64° C. If we based O'Hr table on other measurements of 
density, wc should got slightly differeDt numbers. Thus, 
according to Deville and Trooat (^-c.) the half-disaociated stage 
is reached somewhat sooner, since according to them 52'84 [jer 
cent, {x = 0'528-4) is dissociatedat G2'. The equilibrium constant 
decreases rapidly livith rising temperature. The degree of dis- 
sociation thus approximates nearer and nearer to unity. But 
the foiTuula shows that it can never roach this value, since 
otherwise (at finite pressure) the equilibrium constant would 
acquire the impossible value of zero ilnVip= —<*:). Yet the 
dissociation has progressed so far at li>0'^ that we may consider 
it i\s practically complete. Only under tremendously high 
pressurtis can Ictroxide exist above 150" in ouantities worth 
mentioning. 

Let us now pi-ocecd to the application of our general formula 
to this case. Omitting the tenn a'T", which always has small 
values at low teuiiMiraturos, and of whose existence the 
measurements give us no hint, we get — 

A = a, - fj'Tlnr - KT/rt?^'^ + const. T 

At the equilibrium A becomes equal to zero, and the equilibrium 
constant is to bo substituted in the logarithmic term for the 
ratio for the partial pressures. We then obtain — 



PJnK, = ^ - ffVnT + 



const. 



As a first approximation we may assume that the specific heats 
at constant volume of NOa and^NaOi are identical. At constant 
pressure the former would be greater by R and the latter by iK 

than at coustant volume. The ditlereuca tr'p would therefore have 
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the value -^j or about 



1. Schreber computed the former at 



Flauck's suggestion, making this assumplion. He found in this 
way that Qo = 6566 cal. The beat of formation of \ mol Na04 
from 1 mol NOa at conataDt pressure would tlierefore be 
68G0 oak at ordinary temperatures. Actual calorimodic 
measuremeat gave the smaller numl>er G450 cal. 

If we insert in our formula the yalue 656G for Qo aud -^ 

for o\, wo get a very large value for the consEant, namely 
— 14'3. The assumption that a\ ecj^uala zem, which is 
responsible for this large value, is, however, an improbablo 
one. Experience has shown iis that the specific heats of 
condensed gases at constant volume are generally smaller 
than the sura of the specific heats of their coinponenta This is 
evident from the following examples taken from a compilation 
in Eertholot's Thermoeliimie (all the values refer to ordinary 
or slightly elevated temperatures): — 



vf tbe coaipoaeiita. 



Tnin BpeciSe beats 



Const. prcBBuie. Coust. rol. Out. prcM. Cotui, rol, 



CO + io. 
Ha + JO. 
iN, + |H, ... 
C,H, + BrH ... 



Cj3 + 3-tl 

10-24 
6-82 +^41 

3-4^ + 10-^3 
13 65 

9-7 + fi-64 

16-34 



uf the coiiipounil. 



It is therefore easy to believe that the specific heat of niti'ogon 

dioxide at constant volume perceptibly exceeds that of • mol 

of nitrogen tetroside. 
Differenoft According to the Natanaon brothera, we may take 1'31 as 

the mtio of the Si»ecific lieata of NOi at ci'iistaut pressure and 
It foUowfl fmm this that the specific heat at 
nihr^e^"^ coBStant voliune amounts to some 6'4 per mol NOj. It Is then 
UitryiiJe. very like that of carbon dioxide aud wnter-Tapour. If we 



of tlio 

Heiiia in constant volume. 
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estimate the specific heat of the tetroxide at constant volume 
as about the same as that of ethylene bromide, that is al)OUt 10, 
then the difference of the specific heats of 1 mol KO^ and \ mol 
NjOi at coDSta&t volume should be 1'4. atid at constaot pressui'e 
2'4. If, then, we put the difference ^\ = 2'4, it follows from 
the experimentally determined values of the lieat of reaction 
at ordinary temperatures {Qr = 6450) aud constant pressTirc 
that Qo = 5730 cal, and we obtain — 

■ K/rtKj, = -^- - 2-4;»T + const. 

1 It is ea^y to show that the assumption of the smaU value — 3'6 
1 for the constant will now yield values of XiTbiKp concordant 
1 enough with Lha value in the table. We thus obtain-- 


^^^^ 


KJnK, 

■(■(Kinliug to 
eulicf ubles. 


IUmE, 

calculated. 


^^^K' 

^^^H 
^^^B 
^^^H 
^^^P 


4-213 
2598 
0^18 

-1-207 
-2-5C8 


4-00 

2-46 

(h28 

-Ml 

-2-44 


1 Wtj could ttot ijxjtect a more precise argttmetit, because iu Llio 
l^ temperature interval we are coBsi<lcmig the gases are very near to 
^P their point of condensation. Indeed, nitrogen peroxide liqiieftea 
at ca. 25* under atmospheric pressure. The maxiumni work, as 
■well an the specific heat, agrees only roughly with the funda- 
mental laws in the neighbourhood of the condensation poiiit,* 

This case is typical from a chemical point of view ^rith Cn»eftBtta- 
a whole series of other reactione.. However, tbcy can liardly i^^'pf 
be called real gaa reactions, although tUey may be treated nitrogen 
accordioy; to the same principle. I may mention the fonuatioa ^ ^^ 
of the " addition product," methylether hydrochloride. 

^^F > \tvQ attempt to ailculatt; tbe vekcity of sound in tliis gaaeoas mixtara 
W on the basis of one nsKUmptiona regarding B[>ecilic beala, wo g<!t refliilte entirely 
1 at Variance with tlie eiperimental Values obtaincti by l!io Katanson ttrothera, 
1 Inile>ed, we should not expect an a^come-nt in tlie light f>^ the a.bovv coti- 
1 ftideration. ^wart ('.c.) treats tkis caso nitii'Ltut Che ubq of the fuadameiital 
1 gas eqtntions. 
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H 

HCl + CHa-O-CHg = CHa - - CHj 

I 

Friedel' liaa studietl the djaiomicB of this reaction experiment- 
ally, aud 'VVej,'soheider* tlieoretically. Phoaphoras pentad iloriile,^ 
ammoniiun chluride, aoil ammoiuum carlmmate all dissociate 
readily when heatod, and therefore alan Tielouf; to this clasB, 
These cases are gciierally explainct! by aBsuniiug tlio UreJiking 
of weak, but realj bonds l>otween tlio phosphorus trichloride and 
chlorine, tlie hydi-ochloric acid and tlie ammonia, and between 
the carbamic acid and the auiniouia. Where such an assump- 
tioa doea not agree with the ciin'eut conception of valence, as 
in the case of acetic acid, wiileh, hke uttric oxide, sliowa a 
markeii tendency to polymerize* juat above its bniling-jioiut, 
"Muiccu- "molecular compounds" are asKumed. Other explanations are 
pounda. sometimes made use of, and oxyfL^cn furnislies ns an illiiatra- 
tion of this. As Iod^' as the idea of divalent oxyjjen was adhered 
to, the hydroclilorido of mcthyletber was called a molecular 
compound, But now it is considered to be a salt of hydrochloric 
acid and methylether, since von Baeyer and Villiger* have raised 
the idea of a tetravaleut oxygen to the rank of a principle. 

In the final analysis the i]ueijtiou de]iends fimdaniouially 
on the ecxnilibriimi tionsUmt. If the equilibrium constant of 
a Bubeitanca at ordinary temperature Is as a rule rather large 
in its divalent condition, but small in its telra- and hexavalent 
condition, then the latter is difficidt to prepare and of limited 
stability. When wo do get such a compound it is spoken of ae 
a molecular compound, hi order not to conflict witli the simple 
divalent idea. The heat of reaction has a determinative inH uenco 
on the magnitude of the equilibrium constant at low temjH-Ta- 
turee, because the terms a'pl-n'S! and er'T in oar formula do not 

' Friede), BttJLxoe. cAim., 24, 160, and 241 {lfi75). 
= WegBclldi-kr, SUtimashtT. Wiener Akiid., 108 (1899), p. 119. 
^ Fam liislorical and matiieinatical treatment of tULSCfisCKt^WegHcbcider, 
Wfewer Akad^ 108 (1809), p. 70. 

* For data auil c&lculatiaaa see Nernst, "Tlieoret Cli^m.," 4lL edit., p. 
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become lai'ge till tiigh temperatures are reached. Actually, then, 
we only consider substances to be molecular compoimda wheu 
their tbrniaLion is accouipauietl by a small evolution of heat. 
Thus any aharp division into real and molecular coiiipounds ie 
a thoroughly arbitrary une. 

In this connection the case of uitrojjeu tetroxide givea 
occasion for yet another obeervatioQ, Tlie dioxide formed by 
the dissociation of the tetroside can itself dissociaU; farther into 
nitric oxide and oxygen. Tlie eriuilibrium constant for the 
formation of tetroxide is very email, even at 150", and the 
totroxidc is therefore almost wholly dissociated. The equi- 
librium constant of the loacliou — 



NO + ^ N-Oa 

on the other hand, ia atill large at this low teinj^verature.and the ■NitroKen 
dioxide ia consequently ataUo. Eichardaon"^ ' measure utenta of 
Ibe vapour densities of nitrogen dioxide fitrnish a basis for 
evaluating a fonmila for this reactiou Bimilar to that just used 
in the case of the formation of dioxide from tetroxide. The 
diasftciation of the dioxide amounts to only 5 jier cent, under 
atmospheric presHure at 1S4', while at GOO' under atmospheric 
prcBHUro it ia practically complete. 

Wo recognize in its much higher beat oi formation the cliief 
reason for the stability of the dioxkle. The lieat of formation 
of 1 mol NOa from NO + amounts indeed to 13,100 cal, at 
ordinary temperatures. 

One might ni>w contbide that nitric oxide, too, would Nitrit 
decompose into aittogen and oxygen at still Idgher tempera- °*"*"- 
turea. But that is not the casci foT, as we saw in the preceding 
lecture, the wiuilibrium constant of the formation of nitric oxide 
from tbe elemeitta is very small at ISOO'^, and decreases from 
there on. 

Nitric oxide is therefore stable Itelow 1800\ simply because 
the velocity of its decomposition is extremely small. If the dis- 
sociation of nitric oxide did not have such a specifically small 
velocity even at the most intense white Itcat, nitrogen teti*oxide 
wlieu heated would not decompose into nitrogen dioxide, and this 

' Joum. ijhem. Sue., 51 (1«87), 397; an<i Nenist, "Tlieoret. CLem.," 

4il. etlit., p, 438. 
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in turn iato nitric oxide, but both would disEociate directly into 
the elements. 

Nitroua Fiually, mtrouB oxide, like nitric oxidSj is uertainly stable 

^" '* at high temiieraturos. Like nitric oxide, toOj its formation at 
ordinary tern j era tures is accompanied by a lai'ge absorption of 
heat (— 18,500 cal. per mol NOj tit conatant pressure). Yet we 
know that at 900^ it is almost completely dissocialed into its 
elemente.^ Ferhnps the temperature in which it can be formed 
froni the elements to any couHiderahle extent lies very much 
higher, and it would be iatoreating to determine whether it 
too is formed when nitrio oxide is pnjduced in the electric arc. 
Caee I. xiio diacussioiL of those cases wliich are of more immediate 

tion pf interest to ua may well be oiiened by a conBideration of the 
dissociation of carhon dioxide. 

Sixteen yeai-s ago Le Chatelier^ maiie certain calculations 
concerutug this reaction, in tiie courM of winch he derived a 
table of tito degrees of diGsociation of carbon dioxide. The tabic 
has become widely known in scientitic literature because of the 
conTenience with which it can he used. Its experimental 
basis" consists of three seta of observations — Devillc's nnalyBis 
of dissociated gases ; Mallard's aud Le Chatelier's measurements 
of tlie explosion prosaures developed when carbon monoxide and 
oxygen unite in closed vessels; and density determinationB of 
carbon dioxide at high temperatiires, 

Le Chatelier (/.c) states that H, St, Claii-e Deville found, 
with the help of his '' cold-hot " tule, that Mrbon dioxide is 0*002 
dissociated at ca. 1300\ Deville's " cold-hot " tube * was simply 
a porcelain tube through wbich a braes tube filled with flowing 
water was inserted. The porcelain tube was heateil from without, 
the gas being contained in the annular space between the two 
tubes. De\TllG was able by means of this simple and elegant 

* Victor Meyer and Langer, "Pyroolieraiecbe Untersudiungcn. Con- 
cerning its biiliavionr at 520* see Bertltelot) Comp. R^d., 11 (1873), IWS; 
BtiiiBoc. cA im. (2)2(5, lyi. 

a Ann. da Mines, (viii.) 13 (1888), 274 ; Z. /. phrjs. Chemie, 2 (1888), 
782 ; l^cniat, " Theoret. Clujm.," 4th eilL. p. WA. 

* Trevur nml Kurtrii^Ht's diseufisinn of tin's Tiutter wne not avaikblo to me 
in tlinj originnl {Am^crican Vliein, Journ., 10, 782). For lUs use of L« (-'Jiate- 
lier'B niimlK-ra In cfllcoltiting Lie oxy-hydrogen cell, see Prflnner, Z. /.))%». 
CAemw,42ClEK>2), 50. 

* Ann. Chctn. Pharm., 136 (1865), 94. 
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device to detect qualitatively, not only the dissociatinn of carlx^u 
(Uoside and ammonia, but also of carlmn monoxide,^ HCl and 
SOi, at temperatures whicl] could hardly liave exceeded 1300°. 
Tlie arrangement is not suitable for quantitative mensiiremeuta. 
Devi]le determined the diasocialinn quantitatively by a difl'erent 
method. He plaeed a porcelain tube fille<l with jxircelaiu chips in 
ft wider porcelain tuVie, fitted this in turn inside a still wider iron 
tube, and then covered the latter with a layer of clay. He heated 
the whole to a temperature whicli ho did not measure, but which 
he estimated with his eye to be alwut 1300^ A rapid stream of 
carbon dioxide was kept passing through the inner tnl«e and into 
a solution of potaasiiim hydrate : 783 litres of carbon dioxide 
were passed through tlie tube in an liour. After absorption in 
the caustic potash a gaseous residue of 20-30 c.c. remained, 
which contained on the averse 30 pet cent. Oj, 62"3 per cent, 
CO, and 7 per cent. Na. If the same stream of carbon dioxide 
were pasaed directly into the caustic potash without traversing 
the heated tube, 1'4 c.c. of a gaseous residue was obtained in 
the same time, consiating of 14 j>er cent, Ng and ^^ per cent, of 
Ojj. We conclude froni tliis that 12 to 20 c.c. out of the 783 
litres of the carlwn dioxide was dissociated. Tliis con-ospouds 
to a dissociation of lietween 0"0015 and 00025, ot in round 
numbera of alxiut 0'002. Le Cliat^lier evidently had this ex- 
periment in mind in making the above statement. But Deville 
himself remarked that perhaps the disaociatioji came out too 
small Ijecause of a reeowbinatimi of tlie gases as they cooled. 
Besides, it ia impossible to say whetiner the temperature in the 
inside tube was really as high as 1300" or not, for the doiiblo 
jwrceLain pocket must liave been a poor conductor of heat, and 
the gaa stream was rapid. In any case, we may consider 0'002 
as a minimum value of the degree of dissociation at 1300*. The 
equilibrium constant of the reaction — 

CO + iOa^rOa 
would therefore be at 1300" (1573 ahs.)™ 



' Ami. Cfiem. Pharnt., 134 (1865), 124, 
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a We liave Deville to thank for another much more orit;inaI, 

miunt"wiih '^"'' ^^ ''^^ same time much less accurate, measurement of the 
the Hmuo. degree of diasocialioii of carlwu dioxide. Deville produced, aa 
it were, a Croutiiinous carbon monoxide exploKion by allowing a 
Btream (47 c.c. per second, or 170 litrea per hour) coii&i&tiiig of 
64"3 per ceut. CO, 33"3 per cent. O3. and 23 jier cent. Na to issue 
from a burner ha^iuR an opening 5 eq. mm. in croBs-BOction, and 
then igniting it. It formed a conical flame 10 mm. high, whose 
base was the aperture of Liie biirner, ami M-hose surface representeJ 
the reaction zone. An aureole extended above thia, decreasing 
in brightnesa with the Iieight and consisting of the escaping 
reaction protluctfi of the inner cone, mixed with the outer air, 
and tliereby ocjoled as well as completely burned. Time the 
whole flame was Bome G7 to 70 mm. high. Deville inserted a 
thin-walled silver tul>e of about 1 cm. bore into this flame, and 
suckeil water through it, At one place on the tube there was a 
hole 0-2iiini. in diameter. The tube wan 80 placed that the hole 
carae precisely in the vertical asis of the flame and jKiinteJ 
downwards. The suction prevented water leaking out of the 
holOj and at the same time sucked gas in. TUta gaa was very 
suddenly cooled by the water, carried along by it, and collected. 
The carbon dioxide was then removed by caustic potasti.and the 
residual gas analyzed. The results were as follows. Visual 
observations of the temiierature are apjiended. 
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Dcville c-onaidered that at the hottest point t!ie gases were at 
most not more tliaa two-thirds combined. 

These eyperiments form a beautiful qualitative inuatration 
of the strong dissocuitioE of gases at very high temperatures 
and their recombination during cooling. But their quantitative 
value is slight, Deville mixed nitrogen with Ids initial gasea 
in order to estimate the progress of the carbon dioxide forma- 
tion from the increase of nitrogen aa the tube was placed 
higher and higher above the mouth of the burner. In principle, 
the admixture of air above the cone does not cause any dis- 
turbance, because we may consider the gases sucked off as a 
mixture of air and (partially) burnt original gas, and calculate 
from the known composition of both, the amounts of each 
component present. Yet actually we are unable to get any 
nseful resulta from this sort of computation. Even at the 
hottest point, where no outer air is supposed to have entered, 
we find that — 

From 100 vols, of initial gas mixture lg^.^^(^ 33.3 ^ ^-^N, 
contaimng ........ J 

27-4 vols, of the final gas mixture j j_.^ ^.^ ^^.^ ^ ^.^ 
were formed, containing . , . , J 

And there had therefore been "on- "1 j^. „ p^ 9^-1 f> 
samed i * 

The amounts of carbon naonoxide and oxygen which disappeared 
most sta&d in the gtoicluometnc ratio of 2 : 1, which, as we .see, is 
only approximately the case. In a repetition of the experiment 
it Would seem advisable to let the flame strike into the cavity 
of a tlouhU'wallcd cooling tube in order to prevent the analytical 
unoertaintiea arising from the difTereut solubilities of the 
gasei'>U3 constituents ia water, which prevented Deville Irom 
making any dotorntination of the carbon dioxide. Since the 
iuiCial goa mixture brings with it all the oxygen needed iu the 
combustion, it would also seem advisable to entirely exclude 
the external oxygen, as, for instance, Haber, Ricbardt, and AUner 
have done. Further, the tube for removing the gases from the 
flame .should have more favourable relative dimeasious, .so that 
the little Same should not be too greatly deformed by the thick 
cooling tube. Still, from the gases which DevUle removed 
from the hottest part of the flame, we conclude that some 43 
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vols, rif COa [mean of 49'3 and 2 (23'1)] arp present with 
15'1 vols, CO, 10*0 vrilg, Os, and 23 vols. Na. If we assume 
that this composition reprosents the eq^uilibrium condition, 

0-637 



K = 



J^___ 



.vr. = 8-7 



Le CliJite- 

lier's views 
regnnliug 
DevUle'Q 
experi- 
ments. 



yco i< p\s^ 0-199 X 0-133' 

Le Chatelier concluded from Deville's exjieriments that tlie 
degree of dissociation of the carbon dioxide at the hottest poiut 
of the flame amounted to — 

CO 



CO + COa 



= 0-4 



giving an equilibrium constant of 3S7. It is, indeed, very 
difRcuIt to fix ou any exact value of the (assumed) equilibrium 
in Deville's experiments. That Lu Chatelier had no better data 
at hifl disposal on wliich to base his calculatioas of the dis.?ocia- 
tion, illuatratea tbe paucity of our knowledge in this field. 

Yet the uncertaiaty regarding the value of the equilibrium 
constant Itself is even leaa than the uncertainty regarding the 
temperature at which the equilibrium was established. Deiille's! 
statements about the temperature at various heights piaces us 
in a moat difficult position. In the upi^er parts of the flame 
where tlie temperatures are estimated with some definitenosa, 
we are sui-e that there is no equilibrium, for the reaction 
velocity is not sufficiently liigh.' Dut in the lower parts of the 

' We know, for ioBtanoc, tliat gold m&lts at 1065° + 10° accoidiiig to 
the critical ilisciiBsion of all mcaaiirameiiU giv©u by Le ClmtoIii>r ami 
BoudomrJ [" Temp^Smtnree ^levfips." (1900), p. 81 ]. If, Ehcn, Rt tlie mdting- 
point of gold tliero wds oliscrvcd to b-e present IS'2: pts. of CO, 2S'l pte, 0^. 
and fi5'7 pU. K.j, lliis Liidicntas tliat llie diuBOciiition is greater at this tempera- 
tiiFD Oian DevJlle found it to be in his previously mentioned ex|ieriiiieDtfi at 
1300^- If wo overlook the oxygen for a miimaiit, and only observe ibmt in 
the initial gfva 04-4 c.c. CO was present to overy 2*3 pnit'S ftf N^, while nt tho 
paiot under discimsion (54 Jiini. from tiio month of ilia hurner) there is hut 
0'2l8c.c. CO, weseo tliatciiorB tlian 64-182 c.a CO.. cannot be prcsocit bestdiGa 
this 0-218 C.C. CO. Acliifilly (he fimoiwit of carbon dionIJo mnst lio much 
amniler, beciiiise, as tho higli content of the oxygon ebows, n large part of Uiq 
nitrogoti conieft from the air. Yet 0-218 c.c. 00 to G4"llS2 c.c. COj wodd he 
more than would be poeaible according to Devilile's results iti hia expcrinictita 
with porcelain tubes, eHpeeially in tho proHence of much oxygen. It in not 
to be wondered that tlio crinillbriura cannot keop pace with the fAlling 
temporatnrt in the upper pdrta of tho flamiC, when wo romember that the 
fiiiBie-gfiaes mo&t have a velocity of about 10 ui. per second Rt the mouth of 
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flamo where the reactinn velocity is probably ^reat euougli, Lbe 
statemcQts are not aufficieptly precise to permit via to estimate 
the temjHeraturc with any accuracy. 

To fill this gap, Le Chatelier made use of some explosicm 
experimenta which Mallard and he had carried out with 
mixtures of carbon monoxide and oxygen. As mentioned in 
the previous lecture, they exploded these mixtures in closod 
vesselsj and measured the prcaaures developed by meana of a 
registering manometer. In a series of six experiments they 
weru able to depresa the temperature of the explosion to as low 
03 2000° by the addition of large amounts of eai-bon dioxide. 
The addition of carhon dioxide also had the effect, throu<;li its 
mass action, of driving back to a minimum alight diaaociation 
of the carbon dioxide already present, from these experiments, 
Mallard and Le Chatelier obtained 13'6 .is the mean speciiiG 
heat of carbon dioxide between 0" and 2000^, and by combining 
this value with Eegiiault'a values at ordinary temix^ratures, 
they got the exjicrimental formula for the specific heat of carbon 
dioxide given in the previous lecture, We will explain the 
relation between the maximum explosion pressure and the 
specific heat a little more minutely. If at the temperature 
Tfl for every '\ mol of carbon monoxide and every \ mol of 
oxygen, s mols of a foreign gas are forced into the bomb, then 
after the combustion tJier« will he left '?^ mol of carbon lUoxide 
for every z mols of the foreign gas. If the pressure of the gas 
before the explo^iDu b j^a. then after the explosion^ and after all 
the heat generated has bu<'n dissipated, the pressure will be — 

the Ijurnur lo permit a conEumptioD of 47 c.c. a sGCoud. In t)i» tlatUQ iiaelf 
the ccoeti-section of the hot mana h grealcr, hut: tlie voluroc, loo, b much 
greater because of Ihc higher temperature, and ths air carried alotig with it 
increases it furtlier. Tho vdocily will llnuretore \m of tIjQ aame ordur uf 
laagiiituile aa at tlic mouUi of Lbo burner. Now, siuco the tiinipcmture m 
Dcville'a flBnio ■evitlently iletreasea Imcidreda of degrees per cm. riao, Lbe 
C(|Uilibriuin coiietant woulJ havo lo chaugc ciiou^H to correspoiid lo a 
ICtuperaturA cEiAnge of several hundred dc^^rei^ in a thoUBiiudtli [tart of a 
aecoiid. Accordiug to tb« L-xperi^ucK of Habur, Kiw'burdt, and Alllier, Uiis 
cnniiDt SHfely \ni o&sum^d tu tak« plfice al 11 tcmiitiratuie bcuciiUi 1C0U°. It 
may be that tlic reaction velocity of the formation of CO;, is much hij^lier than 
that of the waler-gna reaction, liut umr the mchiiig -point of gold both rcftclii>nb 
are certainly alow. 
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If tLe Bjaximuni jiressure I'M'hs attained' cliiriiig llie explofiion, 
tiien — 

where Te signifies the maximum teiin>eraturo. Thus we find — 

1 +B 






(1) 



Ou the other hand, the quantity of heat Q is set free in the 
formation of % mol COj frum the § mol CO and \ mol Og, and 
this heats the j', mol COa, together with tlie z inols of the 
foreign ^s, from T^ to Te. Thia yields the equation — 

c'^ 13 licre the specific heat of carbon diosidc, and c", that of 
the admixed foreign gas. II' tiiis foreign gas is simply carbon 
dioxide, as it was in Hallard and Le Chatolicr'a experiments, 
the equation simijlifies to — 

|Q=(| + 2MT<-T.) .... (2) 

Token vith (1) this equation pcruiita us to evaluate T^ aud r,. 
The specific heat c^, deduced in this way, ia the mean specitic 
heat i^er mol COj at cunstaut volume between the temjieratures 
T„ and T<. 

Mallard and Le Chatelier carried out four other exiteiimcnts 
at temjicratureB whersi the dissociation had become perceptilile. 
In one they added a given relatively small quantity of carbon 
dioxide aa a foreig:u gas, in a second they added carbon 
monoxide, and in a third nitrogen. In a fourth decisive 
experiment they took jiure carbon monoxide and oxygen in 
equivalent amounts, no foreign gas being present except 1*2 
vol. ■water-vapoui' to every lUO vols, of the explosive mixLui-e. 
At these tcmi>eratures, the calculation is domewbat different. 
Only the frfictiou x of one volume of the explosive mixture 

^ More accurately, wu cannot il-qII tlie olji^rvticE iriaximuni [inssBUru the 
real iDaKimuni jircesure widiout niakingacorrectioD for tlint liiije hoat wbich 
ia radiated to tbc walie. uf tLo veiiisel during the cutHliiatiuti. Mallard am) 
I^e Cbatclicr estimated Uiis corrocLion in a Tcry roundabout way lo b^j 4 per 
cent, Tlte hi|fheMt prushiiire observed, jncrcaseit l"y \ jier cent,, llietj r«pre- 
Bcnls the luaximuin pressure 1' used id the above qiieetioiie. Flif^er 
bi'lievvd tliia eurrection lo bu cii entirely oiktakeo one (slc liiu eriticUm 
preTioudy incnlioiicd, p. 123). 
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now conibnies at the highest U;ioporatur«?, while 1—.*; voL The 
retnaitia dissociated. If we iniagino the gas to bo cooletl down f^'**'''"' 
to Ta" without any change in the degree of dissociation, then the eipioaiou 
pressure p after tlie explosion 13 now connected with the initial j^^^"" 
pressure by tlie equation — deprca of 

„^ 1 + ^-4^ 
1 + ^ 



}'-F<» 



diseoola- 



This follows from the fact that if |.k mols of carbon mfflioxide 
plus J mcl of oxygen disappear, 3 mol carbon dioxide is formed. 
The relation of maximum pressure to mn^juum temperature ia 
then given by — 

and lUti equation couaecting the quantities of heat bccome-s — 

gxQ = {(1 - xy: + m:' + |W'I(T« - T«) . (2r0 

Here Cp is the specific heat of the esplusive misture of carbon 

monoxirle and oxygen, c^" the speciiie heat of the foreign gas, 
and c,'" ttie spiecific heat of oarboa dioxide, all between tlio 
temperature T«° and T^'', and at constant voluines. Knowing 
c/, c,"j and <■»"', we can calculate the value of x, tlie " degree of 
the combination " of the carbon monoxide and osygcn.' 

Wlicn MallanI auJ Le Chatelier came to make their calcii- 

' TIiiB, bowflver, ti> 1»J" "0 means imconililioually true, if w« cooibuLg 

p 
equAtiou (In] uid ^2a), \\mi, knowing t, - , T„ Q, and Uio speciGc bccile, we 

olit&in tt cuhie equnlion fi-r T,. But tliiB cubic ef^UAtion Josa not alwayB have 

B root whidi wiit satitl'^ (la) and {2it). The following la an UlofllralLoii of tlib. 

lii Mallnnl vi*l Le Cliat«Lier'a final experiment was e(waU)T-Tapuiir) = 0*01*2, 

p 

-~ = i}-Q5, snd T, ^ 273. If we call Q at onlinuiry temptBratures cqiial to 

68,(H>0, AL(1 iiitroduco tlioRpeciRc heata at constant volume between O^am] (°, 
tm dv'tc^rniincct by Mallurd sn^ Lc Chatelier Id tbcii (ixfuriaicnt witli Ike 
cnuter manoaietcr, 

c CiwnnaDenI gas) = 4-7G + CHXH22I 

«, (H,0 vaponrj = 5-78 + 0-OO2g6( 

c. (carbon dioiide) = 6-5 + OimSlt 

we get the cubic equaLioo for Centigradu tempersLaree 

I* - 1156-7(* - 24,743,n70( + &2,60V,?i)7,5tNl = 

Oae will try in vaio to RikI a value of i wbiKli will satiefy this oiuatiob. 
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liitiouM, tliey wero apimrLnitly confronted with a serious ilLPBculty. 
Their exiherimerilal formula for the mean between 0" aud 2000° 
Hpecific heat of carbon dioxide, based on the above-mentioned 
data of Begnault and Wiedemann at ordinary temperatures and 
on their own "uudieaoeiated explosions " at 200D"j was tbeir 
sole moans of calculating the specific heat at these very much 
higher temperatures. That is, they must extra[H)late without 
haviog a suHiciently precise basis to work fram. They dis- 
cussed no leas than five possible foimuhe* for the mean 
specific heat of carbon dioxide between 0" and t° at the constant 
volume. These were — 

6-3 -f- 0-00564(: - O'OOOOOIOSi" 
6-3 + 0-006i - 000000118^^ 
6-26 -t- 0'003C7£ 
4-74 X (T X 10-^}i 
4-33 X (T X lO"^)'*" 

They chose the last. 

Since the amount of water-vapour present was small, it 
mattered little what value was selected fnr its specific heat. The 
specific heat of the carbon mouoxide-oxygcu mLxture is that of 
all pcnuaneut gases. Mallard iimi Le CbateUoruaud tlie formula 
4"8 + 006^ (mean specific heat at constant volume between 
and t") to express the reauHs of their varied observations. 
Extraix)laLing on this basis, Mallard and Lo Cha teller came to 
the coucluaion that the temperature in the ex plosion experiment, 
where 1'2 vola of water-vapour was mixed with 100 vols, of 
CO + 40a was 3130" C, and that the degree of combination 
was 0'61. The degree of diasociation was therefoi-e 1 — OGl, or 
0-39. We should remember, too, that the maximum pressure 
was some 10 attnospherea. 

Le Chatelier returned to these old numbers when he came 
to study dissociation phenomena. In the mean time^ he Iiad 
discovered the remarkable fact tliat it was possible to express 
the specific heats i^er mol of the most diverse gaseous systems 
at constant pressure, at least approximately, by the formula — 

Cp = 6 8 + a{t + 273) = 6-8 + "T 

' C'omjjt. ^nii.,93(1881), lOUi Jrin. i/<-a Muts, 4 (188a), [.. 6ii4; i6i*(/., 
pl>. 525 aud d'Jti. 

' C'wM. IttnH., 104 (1887), 1780. 
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Le Cliatelier puts the coefficient a at zero for permanent gases, 
and at 0'0072 forcarbuQilioxiiilo, It fullows from this assump- 
tion that tlic meaa specific lieat per luol of carbon dioxide at 
constant jireasure is — 

r, = C 8 + 0-0036T 

where 6"8 is taken as the specific heat of all permanent gases at 
constant pressnre, Le C'hatelier appends the remark that one 
may express the true specific heal of the i^ennaneat gases by— 

c^ = 6'5 + 0-0008T 

and hence that of carbon dioside by — 

Cp « fi-5 -I- 0-0044T 

However, lie laid no stress on tliis remark, bnt took tlie 
siieeific heat of the iiermanent gases as conatant, and hence 
the specific heat of carbon dioxide as 68 + 0'0036T. He has 
evidently computed the earlier experiments of Mallard and 
himst'lf on this basis, for he now remarks that the degree of 
dissociation comes out as 34, and the temperature aa 3300' G. 
Fi"om fill the facts, Le Cliatelier concludes that tlie tempera- 
ture of Deville's flame was 3000° C It is imi.x>ssible to tell 
whether this is merely a rough eatimation, made by subtracting 
10 per cent, fnun the explosion terai^erature of 3300^ or not. 
There are tliree aspects of the matter to be considered^ — 
(1) Though we admit that the whole method as described 
is capable of yielding correct valvies for the temperature and 
the degi'ee of dissociation, it still docs not follow tlmt the 
degree of dissociation found repr&scuts equilibrium conditions. 
According to Mallard and Le Chatelier, tho explosion experi- 
ments with oxy-hydrogPn mLxtnri?s in closed vessels ahow 
absolutely no dissociation. Eren if wo find dtsflocialioii to 
take place in the carbon monoxide- nxygnn explosions, wo 
cann'jt be quite sure that this dissociation cocrespotids lu the 
formula — 

CO + O^C0a 

The formation of carbon dioxide from carbon monMide and 
oxygen seems to proceed in several stages, just as Lho formntion 
of water from the elements dots. The fact that a dry mixliiro 
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of carbon monoxide and oxygen does not explode,^ and the fact 
that the velocity uf propagation of the explosion wave in a 
niisture of carbon monoside and oxygen is strongly affected by 
tho presence of wattir-vapour, support this view. It is reason- 
able to suppose that a reaction of this kind taking place in 
seveml stages might yield different results in an explosion bomb 
than it would in a freely burning flame. Tlie presanre and the 
velocity with which the explosion is propagated are constant in 
tlio inner cone of the flame, but variable in the explosion bomb. 
So long, thorefore, as we know nothing further about these 
circumatanoes, we cannot be sure what equilibrium temperature 
we are to assign to the samples of gas which Deville drew off 
from the hottest part of hia flame. 

(2) If we overlook the above objections, we may still ask 
whether or uot the maximum temperatui-e calculated from the 
pressure developed in any esplosioa is directly comjfarablewiih 
the temperature prevailing in a stationary flame. The extreme 
temperature whieh we compute from our pressure meaaurementa 
ifi the averse of the temperaturas prevailing in all parts of the 
explosion bomb, and they will be widely dttferont In explo- 
sions where no dissociation ensues, we may, of course, take this 
average temperature as a true homogeneous temperature without 
limitations. But in explosions which give rise to dissociation 
the case is different, at least wliere we come to calculate the 
maximum temperature aud the degree of dissociation in the 
above-mentioned way. For the degree of dissrwiation does not 
change in so simple a way with the temiwrature, nor in so 
slight a measure as do the specilic heats. So this uncertainty 
is bound to creep in when we try to estimate the temperature 
of Deville's flamo from explosion experiments in a bomb. 

(3) Aside from (1) and (2) there atill exists the question 
M'hetliier enough allowance bus been made for the effect on the 
combustiun zone of the thick, cold silver tube running right 
across Deville's flame. It is a well-known and fundamental 
experiment in the theory of illumination that a cold vessel 
\vhen introduced into a luminous bydrocai'bon flame makes 
it n6n-luminous, because it cools it off. If a basin with a flat 
bottom be filled with water and brought into a Eunsen flame, 

' Diion, ¥U\. yraws., 17.5 (1884). G30; M. Tmube, Her, d.d. Chem. Oa. 
15 (tsa-jj, GGR; DixoTi, Joum. Chem. Soc., 49 (188C), !'&. 
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WB can actually see the cooling effect, for the flame never 
Uiiiclies ttie btitlora of the basin, the gases bemg bo strongly 
(sooled that they cannot nnite.^ 

This cooling effect wonld be imtnaterial in our case if we 
fsould aasnme that the reaetinn in the hottest zone progressed 
instantaneously to equilibrinm. But no matter how great a 
velocity of chemical combination we assume at that point, it 
can never be so great that a massive and cold body will not 
have time to absorb some hedt from the gases during tbe 
reaction, and so lower tlw temperature of the combustion. We 
TOTist admit that this cooHug eftbct amounts to Jeaa in this 
particular case than it would in a flame where the diasociation was 
less (CO and air, for instance), because the recombioatlon of the 
gases oti cooling yields fi^esh heJit, and so acts like a bj-ake on the 
falling temperature. But this objection, nevertheless, increases 
the uacertinty regarding the temperature of DeviUe's fleme. 

Not long after his computations of dissociation, Le Chatelier Lc Chn(.«- 
obtained new values for the specific heats at constant Volume ^J^^^^J"^^^ 
from his experiments with the crusher manometer, These io wf,mni 
seemed Wtter suited ag a basis for calculating the dissociation h'^al^]^"'^ 
of caibon dioxide than previous ones.' In the exi>erimenta 
mentioned above, dissociation became appreciabEe at 2000'', but 
the high pressures in the crusher manometer prevented any 
dissociation taking place even at very high temperatures, and 
this allows us to extend our calculation of the specific heats 
over a much longer range. However, Le Chatelier does not 
seem to have undertaken a recalculatioa using these new values. 
After he had made a final revision of the speciBc heats of gases 
in tlie light of his theory that at conatatit pressure the s^>ecific 
heats of gases should all converge towards G"5 at absolute zero, 
and had expressed the specific heats of carbon dioxide and the 
permanent gases as 

f^oo^ = 6-S + O-O037T 
•-Kp™ p») = 6-5 + 0-0006T 

' Ilabcr, " ITnl-ilitatioiiBBclirin." (Munioh, 1896). jiublisheJ by Oldenbotirg'^ 
189C, sec. 3. " Uelicr cUo Vcrlirenniing rni gokUlilteii Fliicben." 

"> \Vu must !nijc^il aJmil tliat tlic accuracy of tbcac meaaurementa nil 
dejNJiuls on liow well we can sopurate Uie static prcasurea we aro looking for 
from tbc eflecE of Binlilen imimcts, Fw the theqrj , and a more detailed 
oTplaimtinci, suce ttie Sixth r^ectiire. 
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he apparently never i-eturued to tlie question of how much 
carbon dioxide is dissotiiatud at high temperatures. 
OiiseiYii-^ We have menLioneil yet a thirtE method of measuring the 
Me/i^ranii dissociation of carbon dioxide, namely the determination of its 
LawpL-r. deasity at bijjh temperatures. Dissociation increases the volume, 
and thereforo decreases the apparent density. It h not easy to 
carry outiiccurate density determinations at bigli tempertitures. 
It is much easier to obsen'e the dissociation by some such 
puTJingement as Deville used at 1300°. We are not, therefore, 
atirprised tliat neither Bottcher,' working at liOO'"^ nor Crafts at a 
somewhat higher temperature, were able to detect any dissocia- 
tion of carbon dioxide. Victor Meyer anil Ijanger (^.c.) then 
repeated the density determination at 1690** in platinum vessels. 
They, too, found nearly the norinal density. They express 
surprise tliat De^-ille hnd found an appreciable dissociation at 
1300°, and mention that Victor Meyer and Ziiblin*' hnd con- 
firmed the experiment of Seville, and considered it contradictory 
that Ibe dissociation should he perceptible in a porcelain tube 
at a temperature its low as 1300°, hut Btill could not be clearly 
detected in density determinations of carbon dioxide. They 
believed the Gxplnnalion to lie in an observation of Menschutkiu 
and Kouowatow,^ according to which certain organic vapours are 
moi-c dissociated in the presence of a8l^e3toa and rough glass 
fiurfaces than in their absence. This explanation rests upon a 
misunderatanding. The rough solid substances do indeeil hasten 
the p^i-ocFss of dissociation, but they do not alter the degree of 
diRsociation. Tlie only way in which we could imagine them 
to have any effect in the present ease would he to assume that 
by their aid equilibrium can he reached iit 1300° in Deville'g 
rapid current of gas, while without Ihetraid it is uote3tahlLa.hed 
in a platinnm vessel heated to 1690° for a much longer time. 
Yet this ia extremely improbable. The natural explanation is 
rather to bo found in the formula representing the reaction 
energy of the formation of carbon dioxide — 



A = Qo - ff'nl/RT - a"T - BTM- 



Pco, 



+ const. T 



' DiMerlalion, Prowleii, 1900; " UeW die Diasottationstcmpcmhiren 
rlor KolilensSure und des 3cIiwefels«iireiinhydri<lieH." 

< 1 hiivc been Hnalilo to find my more extensive laendon of the mattflr. 
' Serl Ber., 17, 1361. 
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R/nKj, = ^^ - ff'AT - (t'T + const. 

If we subslitHte immerical values derived from DeviUe'a ex- 
periments, we find that tbe density determinations at atmo- 
spherie pleasure should show do evidence of dissociation. The 
temperatLire of the flame wns 1300° (1573" abij,) and we cal- 
culated Kp to be 1'58 X 10*. Subs.tituting tlie values for the 
specific heats at coostant pressure wbicli Langen obtained from 
his observations of explosion pressures (recalculated for constant 
pressure), and taking the heat of reaction at ordinary temper- 
atures and at constant pressure to be — 

CO + 40a = COa + G8,000 cal. 

we obtain for the difference between the 9j>ecific heats of factors 
and products — 

CO = 6-45 + 0-OOOGT 

iOa = 3 23 + 00003T 

9-68 + O-O009T 
COg = 7-2G + 0-0036T 

2-42 ^ O-O017T 

aoil hence for Qq the value G7,440. Inserting these values, we 
get with the help of DevillL-'a ohservation- — 



4-56 logW 15,800 = 



67,440 



- 2-42;nl573 + 0-0017 X 1573 



1573 
+ const. ........ (3) 

from which we find that the constant has the vtilue - 8'59. 
Taking this result and then colculatinj; ibo value of Kp when 
/ = 1690°. or T = 1963° aUs., we get— 

S7j44i 
1963 



4-56 log'* K^ ^ ^^ - 2'42^ul963 + 0-0017 x 1963 - 8-59 



or Kp = 231. It follows from this that the carlion dioxide 
ought to be about 3 per cent, dissociated at atmospheric pressure. 
But V. Meyer and Langer's experiments deviate among them- 
selves hy as much as 2 to 3 per cent., and arc lience uasuited 
to show disaociatiim of this amount. One must also keep in 
mind that observations of diaaocialion in platinum vessela at 
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these temiwraturea may well give riae to fictitiouB resultSj for 
|)latinum at a white heat is not iudifferent towards oxygen, and 
it miglit easily remove a trace of oxyj^en which was formed, 
and so coaceal any change of density dne to diasociotion. 

Nernst ' haa Dieasurexl the density of carlxin dioxide at still 
higher temperatures. He worked at 1973^ in an iridium vessel 
in the presence of air. The dissociation calculated hy the above 
formula shoiild be 13 per cent., hut the preaence of the air 
drives it back. Nernat's results show that the dissociation is 
certainly not very large. Nothing more definite can he deduced 
from tliem. 

In the above diacuasion of the data on which a calculation 
of the dissociation of carbon dioxide at different temperatures 
may he lia.^cd, we intrmlueed and evalued a formula difterent 
from that which Le Chatclier had UBed, He started from the 
conception that the mean specific heats at constant pressure 
had the following values : — 

Permanent gases = 6"S 
Carlton ilioxide = 6-8 + 0'0036T 

This leads to a difference between the mean specific heata of 
factors and products of — 

3-4 - 0-0036T 

and taking the heat of reaction at ordinary temperatures 
Q = 68,000 cal., it follows that the heat of reaction at ahaulute 
zero would he — 

Qo = G7,300 J 
and hence — 



R/»Kp = 



67,300 

T " 



- 3-4ijiT + 0036T + const, . (3) 



Le Ghatelier now brings in hia assaraption that the degree of 
dissociation in Deville's experiments was 0'4 at equilibrium and 
under atmospheric pressure, and that the temperature was 3000". 
We have already seen that this is equivalent to fixing 3'67 09 
the value of the equilibrium constant. He then gets — 

4-56 log 3-67 = ^^^ - 3-4 x 2-3 log 3273 + 0-0036 x 3273 

+ const (4) 

< Z.f. Etfkirochemit, U {\WS), p. iV£b. 
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from which it follows that 

constant = -2-28. 
Taking ihis value of the constant to calculate Ibe BiiuiliLritim 
at 130()^ {1573^ abs), we obtain— 

4-56 log K, = %f^~ - 3'4/7i 1573 + 0-0036 x 1573 - 2-28 

±1} to 
auil hence — 

Ip = 4-37 X 10* 

Before, we saw that, according to Devillo's observation — 

K, < I'Sft X 10* 
This discrepancy between the eqiitlibrium constants involves 
DO incousideralile disagreement in the degrees of dissociation 
calculated from them. At auch alight diaaociatiou, M'bere the 
partial pressure of the carbon dioxide is very nearly equal to 
the total pr.easure P of the gas mixture, we may write without 
appreciable error — 

Pco , - s ^ _ K 
Pco X pi^ PmXp*o^ ' 

Bat since, when carhou dioxide diaaociates, oxygen and carlion 
monoxide are formed in the ratio of 1 to 2. this goes over into — 




Finally, under ono atmosphere presstire we get — 

k: - V ^9 



K, 



It is easy to see that the partial preaanre of the carbon monoxide 
is but half as lai^e as Deville found it, if K, equals 4-37 X 10*. 
Making use of Le Chatelier's nsgamption, wc compute the 
following values of the equilibrium constant and the degree 
of dissociation, for a number of temperatures and presanrea : — 





J 


T 


1 


1 


1300 


157.1 


4-37 X 10* 


2 


IftOO 


177.T 


4-48 X 1(P 


3 


2000 


2-2-3 


1-07 X 10-' 


4 


3000 


3S73 


y-(J7 


6 


3300 


8573 


ia-20 



I>egr«« oJ ditaooUtlan, 



1-0 X lo-'jo-a X io->) 

0--1 X I0-S(O-S X l\^) 

0-3 X 10-1(0-35 X 10-*) 
0-4 (0-4) 

0-28 [0^1) 



preuDM 

■tmoj. 



1 
1 
C 
1 
10 
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The numberB added in brackets are the values aa calculated 
by Le Chatelier. The discrepancy Ivetween our values and his, 
which ia especially marked at low temperatures, is due to a 
mistake in Le Chatelier's calculatioo. 

The last three values of the above Hve agree satisfactorily 
with the estimat-ions or calculations which Le Chatelier made 
on the basis of his explosion experiments, carried out in col- 

The small value at 1500" ain-eea with 
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■srratinn. the fact that the density ab that terapei-ature is normal. It is 
imposaible to say whether the values for 1300° are in agree- 
ment with experiment or not, for Deville'a determiaations of the 
degree of dissociation in the porcelain tulie at this temperature 
are too uncertain. We cannot, therefore, come to any decision in 
the matter till DeviUe's experiments are repeated more carefully. 
At prt^sent it seems probable that the dissociation at 1300' is 
greater than it should be according to Le Chatelier's formula. 

Our opinion regai'ding Le Chatelier's calculations differs 
according to whether we view tbem from a theoretical or a 
practical standpoint. One must admit that the whole complex 
of phenomena al>ove 2000°, which Le Chatelier has treated so 
ably, is affected with a very consideraljle uncertainty as reganls 
the tme temperature. It is quite posailde that the equilibrium 
conditinu which Le Chatelier assumes tti exist at 3000° may 
actually belong to a temperature different by some hundreds of 
degrees. Yet there exist no ohaervationa which permit any 
improvement on Le ChateKer'a assumption regarding these 
BxtreiuQ temperatures. 

If we now look at the technical side of the matter, par- 
ticularly as to what temperatures can be attained by burning 
carbon monoxide, and what limits the dissociation of carbon 
dioxide sets to the use of carbon monoxide for heating purposes, 
the above uncertainty does not trouble us greatly, and the 
formula givun by Le UhateUer certainly yicdda an amply satis- 
factory imswer. This is due to the fact that the dissociation 
below 1700° C. is small anyway under working conditions, and 
even an uncertainty of 100 per cent, in its evaluation would be 
quite immaterial. Above 1700°, conditions are a little different. 
But the demands of accuracy which technicians make become 
smaller tbo fai-tlier wo go above this temperature. Up to 1700° 
the degree of dissociation at partial pressures of carbon dio^iide 



between 01 and 0-2 atmosphere is practically all that intei-esta 
UB technically. This degree of diasociaLiun liinitg the maximum, 
temperature which we can attain by burning our ordinary 
heating material with a barely sufficient air supply and at 
ordinary preaaurtjs. Thu partial presaijre of carbon dioxide 
attainable in flue gases depends stoichiometricaliy upon the 
composition of the comhustibk' subatance. In the combustion 
of pure carbon it reaches a pressure of 0"21 atmosphere, since 
each of the 21 volumes of oxygen contained in lOO volumes of 
air can be replaced by 1 volume of carbon dioxide. "^ The 
attainable partial pressure of carbon dioxide is less in the com- 
bastion of substances containing hydrogen. For instance, in the 
combustion of illuminating gas where some 2 c.c. of wator-vniiour 
are formed for every 1 c.c. of CO3, 100 c.c. of air can, at moat, 
contain IO4 c.c. of COa and 21 c,c. of water-vapour to every 
79 cc. of nitrogen. The partial pressure of the carbon dioxide 

caDDut then esceed ,-,-777^, or, in round numbera, O'l atmosphere. 

The dissociation corresponding to this partial pressure is very 
small below 1700*. Smaller partial pressures, where the dis- 
sociation 1ms a greater percentage value, need not be uonaidered, 
because they are occasioned by the presence of an excess of aii', 
and the greater this excess is, the leas important for several 
reasons does dissociation becamo. In the lir.^t place, the e.\.ceias of 
air drives back the clmociation because of the oxygen it contains. 
In the second place, as long as the Hue gas cuntaios but little 
carbon dioxide the temperature reached must remain low, for 
the large mass of the diluting gas must be heated by the heat of 
combustion. The lower the temperature, the smaller the dis- 
sociation will be ; that is, the direct eooling t'Hect exerted by 
diluting with a quantity of air far exceed.'}, up to 1700^ the 
indirect heating eflect aiisiag from the decreasing dissociation. 

It is equally true that the degi'ee of dissociation (up to 1700') 
doefl not come into play in combustion in explosion engines. For 
thei'e the total presBmn is much greater than an atmospliei"e, and 
consequently the paitial pressure of the CO:i is higlier, and the 
percentage dissociation smallei-. Indeed, Langen could detect no 
evidence of dissociation up to 1700° in his expWtoD experiments. 

' ComjMiH! Buiitfl'^B " Ileixlelire," [11 Uuspratt'a " Tcchui»chcr Cliemie.'* 
4lh edit. (Bruuswick, 1893), p. 314. 
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Now, al! tcclmkal processes of combustion occur in Uio 
tcmpcmtui-e intcn-al below 1700° C, with lite excttptiun of the 
processes taking place in certain zonea of the blast furuaco. 
No iUuininatiug flame, except that of acetylene, greatly es- 
ccjeik thia temperature. If we would attain temperatures 
mUCTi higher than this in combustion processes, and make any 
calculation about them, we are also obliged to take into cou- 
aideratiun the fact thnt loss of beat thi-ough convection and 
radiation iwcreaaes rapidly with rising tempcmtmre. The 
nucertaiaties which these factors iutroduce into the calculations 
thus become so greut that any niicertaitity about the degree of 
dissociation does not make much difference. We can, therefore, 
get along satisfactorily enough itt thb whole field by means of 
Le Chatelier'a formula. 

Our appraisal of the value of this formula from u theui'etical 
point of view ia a veiy diffewnt one. In the first place, the 
formula assumes »", the diflereuce between the increments 
of the specific heats of I mol CO plus J mot Oa and 1 mol 
COa, to ljeO-003S, and thig Is not aatisfactorily confirmed by the 
experimental data we possess foi- temperatures up to 2000*". If 
it were not for the calculations and ubservatioQS of Le Chatelier 
on the exploaiou of mixtures of carbon monoxide and oxygen, 
and for the experiments of L'evillu with Ids flame, one would 
cerLainly prefer formula 3, baaed on Deville'a experiments in 
porcelain tubes and Langen's explosion experiments, as best 
expressing Lho reaction energy of carbon dioxide formation. But 
we can easily convince ourselves that its use for temi>eraturea 
much above 2l>D0'^ is precluded, ujiless wa are willing to assume 
that the dissociation which Le Chatelier calculates for 3U0O° 
really existed some TOO" lower. An error of tbia magnitude 
seems, however, out of the question. If, instead of Langen's 
specific heats, we choose those determined by Mallaiil and Lc 
Chatelier from their observations with the crusher mano- 
meLor at much higher temperatures, we get 

A = 67,200-3-28T;nT + 0-00204r'-BT;«— ^^-.--2-8T (o) 

Here again DeviUe's experimtnts in jjorcelain tubes aro 
assumed aa correct. Wo can bring thii* formula, too, into 
harmony with what little we know about the dissociation up to 
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2000° tmt we Lhen find the equilibrium cunstaut is vx]_ual to 3G7 
at 2300°, wliich, again, is a temperature va'y dilVetent trom that 
required by Le Chattilier's formula. Uoder these circumatances, 
we will retain Le Cliatelier's formula 4, but to its uiiuierlcal 
evaluation we will add such figures as result frum formula 
3 and 5. We shall see that the special appUcatton which, we 
shall make will not be much affected Ly this differuacu. 

A further deduction may be made from the foruiula repre- Oac u. 
Benttng the formatioa of caibon diosidej by combining it with ^mu^in'^f 
our previous formula for the water-gaa equilibrium. If we watur. 
write — 

CO + O = COs + A 
and COa + Hj = CO + HjO + A' 

and add the two, we get^ 

+ Ha = HjO + A + A' 

that is, we get the energy of formation of water A" by adding 
the reaction energies of the water-gas reaction and of the forma- 
tion of carboa dioiide. This gives us— 

A ^ 67,300 - 34 T/nT + 00036 T^ - IIT/ti^^!^,- ~ 2-28T 

A' = - 9,650 + l-55T/nT - 0-00195'P - KTfn ^'^^^'"'" 
jJcojXfJjJt 

= 57.G50-l-85T;7tT+0-001G5T^-rET/« ^-^*^. — 2'28T 

Thia expression assumes a dlflereuce ttetween the meau 
specific heats at constant pressure between 0' and T'' of — 
C(u,+io,) - fit,o = 1-85 - O'UOlGoT 

This value is somewhat different from that usually given for 
the specific heats of water-vapour and the permanent gaseg,^ 



&93 + O-OOOOT 
6-G9 + O-O0328T 
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There is but little exi>erimeatal data at our disposal with 
which we may test it. There aro meaauremeats of the 
reaction energy O'f the formation of water made witli the osy- 
hyiUogen cell. Victor Meyer aud Langer have also cbservei.1 
that water-vapour shows a barely perceptible dissociation at 
1200*, while Nernst, workiug under tlie same conditions as 
with carbon dioxide, could detect no certain variation of the 
density of water-vapour from the normal at 1973". Tutting 
A" ^ and cnlculating the equilibrium couatant for 1473" abs. 
and 3246" aba,, we find — 

Kp(,„o = A'S X lO'' (I'S X 10") [22 X 10«] ' 
K^K4.=i - 654 (146) [148J 

Since in both eases observations were made at atmospheric 
pressure, it followsj from tlie fonuula developed for tho case of 
earboa dioxide — 

1 



=v^ 



that the i*ai'tial pressure of the hydrogen ia about 1 X 10"* to 
2 X 1U~* atmospheres at 1473° aba., and about 0025 atmo- 
sphere at 3246° iu cquilibriuu:. The first number correspcnds 
to between \\ to 3 c.c. of hydrogen and oxygen to 10 litres of 
water-vapour. Victor Meyer and Langer state that on passing 

HI. Le Cliateli<:r(lBteiit Valiiea) — 

IJ mol pcriniiflent gnse* iJ-75 + (XXfilT 

1 luol H^O vupour 6-5 + 0-0024T 



IV. Langcti— 

1 mol HjO vajiour ,,, 

V. Lniigflri (Hchrelier's recalculatioi])— 

\\ mol permiLii^Dt gasQH ,,. 
1 mol H,0 vapour ... 



3-25 - OOIST 

LI'Sa + OtKiOSlT 
7-29 + 0-002 15T 

2-64 - o-ooiaaT 

9-88 + 0-0008T 
a-82-1- 0-001 I6T 

1-OG - 0-00036T 



' The uiibmukvto<l value resiilts directly from our formuls. If wo use 
furniiiltt (3), p. 170, Ici Oitdiiciiig tbu eiiualiuii for tlio fonnuiidn of Wftter^ 
vapour, inslend of Ld Clinlclier's fomiiiln (4), p. 170, we get llio values 
enclosed in jiareuthoaes. Tliu tkIuoh indmlcJ in binckets arc iliirivej by 
use of eipretisioD e, p, 133. 



a rapiil stream of water-vapomr for a long time through j» 
plaliouni tube heated to abmit 1300'' C, ihey colle»-'tod several 
C.C. of an explosive gas. This seems to agree witli tlie requii-e- 
ments of th^e foi-mula. The ^^icconJ number coiTeaponda to a 
dissociation of 2'5 per cent., which is williiti the limits of 
accuracy of Nerust's vapour-density meaaiirementa.* 

In regard Ut the uiy-hydrrtgen cell, we should first jtoint out Tbeway- 
that our formula for the reaction energy would give for 2,'i° the J^^if""^" 

value — oriliunry 



^'H^ 



A = 57,650 - 3670 - R x 298/«,-^^^^ 
= 53,980 - I! X 2fl8/re^^'5-i- 

^ta B(9Se' has studied the oxy-hydiogen cell at 2.^^ u!>iag the {^o$ 

^M under atmospheric pre.«sm-e. The vapour pressure of hix 

^M electmlyte can be considered as equal to that of imi-e water, 

■ Then— 

I ca 

I ce 

1 25 



tnroe. 



-E2fla X /Ji 






= +2029 cal. 



ind our foruiula would lead us to exjiect that A = 56,020 
cals. Bose found 52,654 + 693 cat. The discrepancy is large. 
While Bose found the elef[r<»motive force of the oxy-hydrogeu 
cell to be 1-1392 ± 0-0150 volt (at 760 mm. pressurn and 
25°), he should have found, according to oiu" fomiuln, r212 
Tnlt.* I would> however, not lay too great Htrefls on this 



' A,W.T.HofmamiC.ffCf/. £«•.. 23 {1890), 2, 3314], reports Igtbe effect tlmt 
whfiin vory sttong current of walcr-vajioiir is fgrceclrnpiijly tliroii^li a wlifte- 
hot jilalfiiuin sptraf, oue mh diEted, in a, few uecoiija, enough of a mixture of 
oxygen and hyJrocen lo aUiiOBt lircak thu Kii4iomK«r when it c\jiliiile8. 
From oiir forruula we bIiouU ex|vo<!t a litre of wA.ter-vaf>onr lo uotitam -ify ex. 
ti\ tlieoxy-lij-drojjen mixture at 1723° atiJ at atmuafilieric inrcusiire. It doen 
not greatly muHier wliicii mI' tliv llireo fyrmulffi aliuve niciilione.! fur tlii' 
reaction cuurgy of formalion of CO, we xkm. 

■i Z.J. phys. Gfirm., 34 {\ifOO), 70l,«iiil 3» (IMl), 1, wlwn cxleiulcl 
referenuoa to tlift literature wil] be found. 

'i If insleni), we iice i^t|ualion (c), \>. i;i3, vvliidi is h^iiii ii]iOii Laii;,'eii'a 
3]>c-ciHc (leatBHJi'i Duville's expeiijiieiiU in lubee, we get l-20S,vi.I(s. If wc 
use eqaftliou (r\ p. 133, lamni on !.« Clintflii-r's exjierimenis witli the com- 
preesign uiuiioiaeter, lUiJ on ihe similar csjwriinewl-t or Devil)..-, wt- gel 1-221 
voUp. 
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of the 

vaJqe of 
tlic oxy- 

twil aC 

ordiuAry 
tetnpeni- 
ttuea. 



Tb«Diy< 
llTdrogen 
^eell At 
liigh 

tUiei. 



dii^Cj-eiTftncy of SO millivolts. It is very jyissihle that Bose'a 
value is too low. It should be pciinted out that Sraale found 
r073 volts for the osy-hydrogen cell, and this was generally 
accepted until Czepinaky. Bose, and Crotogino ohtaini'd higher 
values, those of Bose's being the mnst carefully deterrnined. A 
furtln3i' elevation of the value by some eentirolts does not seem 
improbable when we remember that the oxy-hydrogen cell ig 
not completely understood, at leaat aa far as the oxygen elec- 
trode is concerned. There is no proof whatever tliat a platinized 
platinum, electrode is in equilibrium with the oxygen in an 
electrolyte saturated with oxygen at atmoaphenc pressure. 
According to L, Wohler,^ platinum black is not pure platinum, 
but ittther a lower hydroxide of platinum of wLoae electtomotive 
properties we know nothing. It may well be inherent in the 
nature of this electrode that in the presence of oxygen it be- 
haves na a not nuite saturated solution of oxygen would, and 
therefore always ^ives too small an electromotive force for the 
oxy-hydrogeu cell. Abegg and Spencer* have shown that it is 
impossible to get any other value with platinized platinum than 
thiit of Bose, But their interesting investigation still leaves 
open the [xtsaibility tlmt tlie properties of the platinum black 
affect the A-alue obtained. 

On the oLhet- hand, we must not fail to recognize that the 
Cftlcdation of the reaction energy at 25° by the help of our 
formula leads us far from the region in which the observations 
underlying the formula were made. The fact that the tem- 
perature lies far below the critical temperature of water- 
vapour, aud that we are therefore in a region where the specific 
heats exhibit the irregularities to which we have previously 
referred, is especially misleading. It therefore seems desirable 
to teat the formula by measurements of the oxy-bydrogen 
cell at much higher temi>eratures. Haber and Brunei " have 
done this, using molten caustic soda as an electrolyte. They 
found — 



423. 



I HerL Brr., 36 (19031, 347H ; iih<1 7, /. .tnorff. Cliein,. 40 0304), 



* Z./,>iiivrff. Chilli,, U i,1W6\ 

' a./. BkJttrnfhmir, x. 'AWH], (IH?. 
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EMK 

TttU. 




A" 
0*1 . 



&7.313 
f>3.l!i3 
47.'-07 



A * e«UulAted by our &nHnU.i 



43,093 - 2CftR iug'" - ^"^ 
46,933 - 3(;-| log" — ^"^ 



The oxygen and hydrogen were at very nearly atmospheric 
pressure In these experiments, and coDSeq^uently the denominator 
of the logarithmic term uiay I* put e<iual to iiaitj". The vapour 
tension of water over molten caustic 9od<i is not sufHciently 
well known tx) allow us to cotopare •.'alculation and obsurration 
as closely as we would wish. We can only say tliat uur formula 
seems to ^ive relatively good values when we compare them 
with the results of those experiments. The intimation is thus 
supported that the true values of (he oxy-hydrogeu cell lies 
evea higher than Czepmsky and lioae have fuund it.'' 

The simple fundamental cases of the dissociation of water Quae- IK 
and nf carlwn dioside have been but aliyhfly investigated, and Tlio 

expresaiona for their reaction enoigy consequently possess LhJorii«. 

certainty than we would wish. We will, nevertheless, risk proopw. 

) Takinc; the oarbun iliosido (K)riiilion («), on p. Iil3, m the ItABJs of our 
ronntila, we uliUin tlie vnlues^^ 

46,C-20 at 312° 
43.230 nl 412* 
40,330 At 532" 

' Tu prevent misaiidersianding, I sLould like to call atldiition tu tli« fwt 
Owt lUo correctness of any value olitnitjei] fur the c^Wtrouiutive force wf t1ii> 
oxy-hydro^ii ce)! cannot Ui teeteil I'v sec-ins whelher lln? iiunntity A" fiilfilti 
the condition ^p, 22) that — 

This relfttton ulwnys hoMs wherever wator ia fitriiiic<1 roversHily. Whethi^r 
the electroiles nrt! tci wiuililirinnL with «sygen lUnl liy>trngi'ii nt atuKwiilH-rw 
pr6saiit« remains entirely iiuletei'minat^. If llie cundition uf ihi- t'k'<tr«d«i 

rorresponils In a lesser jiias presstiro, A" comes out •>rniiller. Imt T !« jint m 

tniich larger, and tvra ttrfu. Snhscqnent invGRtLgntiiin hnn cuiilirniE^d ihiN 
coneliisiQii. 8ee Appen>]ix to r..ectnre Vl[. 
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jjushiiig the application $till further, flud use ihe equation for 
the fotrorttioti of water in studying the lieacnn process of manu- 
facturing chlorine. This process corresponds to (he differeace— 

2Ea -f- Oj = 2HaO 
minae 2Clfi + 2Ha = 4HC1 

Oa + 4HC1 = 2HaO + 2^h 

We have earlier deduced an expreasion for the energy of 
formation of hydrochloric acid. After qua<lrupling it bo that it 
may correspond to the formatinn of 4 mnlg of HCl, we subtract 
it from the energy of rormation of 2 mole of water-vapour — 

2A"= 115,300 -3-7T/7(.T+0-0033T'-KT/n~-^'? 4-r>6T 

i'?., X ;'o, 



4A= i\Q,om 



-WVn /f +.V30T 
i'nt ^ Phi 



TUt, ai. 

or ■■Dii^? 
itod 

MnmiiCT. 



A'" = 27.300 - .'iTT/r^T+ 0'n033T»- KT^/""*' ^^^ - 9-92T 

We may now divide this hy 4 so a.'^ t(» make It correspond to 
ihe decomposition of one mol of hydrochloric acid in accordance 
with our general usage, and obtain — 

A = 6825 - 0'92f;TkT + O000825T3 ^ WTh A'" ^ ^'l ^ -2-4fiT 

We can teat this equation for the enei-gy of reaction by the 

experiments of Lunge and Mannier.' To thia end, let ud 
examine their experiments a little more closely, Lunfie and 
Marmier led a mixture of hydrochloric acid gas and oC oxygen 
(aoTuetimes of air) over broken bricks which bad been soaked 
with a copper chlnride solution, then dried and lieated to a 
temperature of abiml 450°. The mixture of gases was usually 
dry, but stjcietiiiieg it wag wet. The reverse esperimenla with 
chlorine and ■watei-vapnur were nut made. The object of the 
investigation was to determine the degree ipf decomposition 
of the hydrochloric acid. If the fraction a* of every mnl of 

' y,. /. ni"jrw. I'htwir (IS!I7), lM5, ftnil (lie >1isac<t.ilion uf E, Marmier, 
" Teller 'lit' DnrslijIliinK """ *'''l<>r nacU liem Verfahreu toii Deacon iiiirl 
Hnml"<ZltMoli. 18!>7>. 
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hydrochloric ^dd is decompos<?J and r, »ol3 of rhiorine |»ro- 

diiceil. then in ifati fiual gas mukture — 

CI, _ ■! :_ 
HCl ~ 2(1 - *) 

This qiioLicuL re[ji«seDt.s th« relative number of ublorioo aud 
liV'drjchlorit- acid mols, and ulso the ratio of the (wr neuU. by 
vulanii^ or purtial preasoreA of lUe two kinds of gases in the gas 
inixlure. 

The equilibrium constant of the Deacou process Is given by 
the et|uatiun — 

T^^^J!^- K 

fu uiJer to iniruiuoe the ratio -^jr^, into this exptession, wo 
inuiliply uumeratjr and denominator by jiL and obtain — 

or subslituLin^ llie values jtisL fuuiiJ for ibi; first qiiuLicul— 

The t*!i-m placed nnder Uie radical sign may roiu-eseut jwutiiJ 
pressures, per cents, by vulume, or mols per iinil »if volunm, 
the unit of mwisnTCmeut caiiLelliitg. The ejcprcseiou bi'«uniua 
simpler when the initial (fas mLvture ia dry. Thtiii jiisi iiu 

much chtoriue as water is formed, so that tho torm \/ — ' 
has the value 1. For this case, then — 



This formula tells lis the degrou of decoin])oaition wbw 
equilibriuiii is iiLtaiaed. It ia relniively but little luRuencMd 
by tho excess of oxygeu, for only the fourth root of Lho |«irlial 
pressure of the oxygen appeiii-s in the e<iuatioii. If, fiir iiistlmiio, 
the partial preasure were in one case (il' of iiii iitmosphwre imd 
in itDotlier imly 005 of au aliuoajihere, the fourth nKit in tho 
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one case is 974, in the other 0-i74. So a change of 18 times 
ill tlte pegsnro of ihe oxygen cliauges the fiui'iient^ to u 

value but twite ae gi"eat, aud tlie degree of decora poailion, which 
■was G (66 per cent.) in tlie fii-st place, only diangea to alxmt 
75 (75 per cent.), as can be seen from equatinn (7), p. IKl, 

Lunge iitid Mftrmiyr do tiot state ilitj pattial presKurn of the 
oxygen in the gaseous products, hut they do tell the com position 
and pressure of the mistui-e they started with, and knnwjuy 
tJie degree of decomposition, we may calculate the final partial 
pressure. The following esaraple will illustrate this. 

Initial mixture coDtaiaed H'S j>er cent, HCl, 91*5 per cent 
Oa, pressure = 737 mm., tc rouod=0'83; hj'drochloric acid 
trausfomied = 0'83 x 8'5 = 705 cc. From this there is 
found stoicliiometrically 3*52 cc. Cla, 3*52 c.c. HjO, while 
]'76 c.c. Oa wei-e used up. It fglluws that the gaseous product 
coiitaiued^ 



Sam. 

H8'23 cc. 



3-M cc. 



I Id 



ftfi' 74 cc. 



II lO 

3-52 cc. 



Thei-cCoro — 



I'reuura. 
Sdbie *» 

initial gau. 



/'o« = o^T X -,.„ = 0-888 utni. 



j; 



H9-74 

'' ~ 98-93 

= 2-44 



2(1 - ;.;} 
* 1 ,, ,_. 

2(1 - «) Pi, ' 



Wb can express the proc«duj-e just illustrated by the formula — 

B 



To> = 



4 



Oa-^HCi+HCl 



760 



where B is the harometric pressure, On and HCl the percentage 
content of the initial mixture. The values of j^oa ii Table I., 
p. 185, vrere calculated in this way. 

Lunge and Maruiiev euipkiyed mixtures of goseis whose 



oxygen conteut varied from just about the theoretical quantity 
requu*ed to an ttxeess of mlmoat 100 times. In the mixtures 
contiiining but a little hydrochloric acid only a reliitively small 
amount had to be tniusferred in reachiag the equilibrium. The 
smaller the excess of oxygen the greater this quantity need hu, 
Now all the mixtures were conducted over the catalyzer at 
approximately the same velocity. The result is, as can be easily 
understood, that at lower temperatures the "jas mixtures remain 
farther from equilibrium tlie uearer they approach in cinupo&i- 
tion to stoichiometrical quantities. This makes itself apparent 
in the abnormal falling off of the degree of decomposition with 
deureaaing excess nf oxygen. At higEi temperatures {480°) this 
phenoLuenon is no longer prominent, and we may therefore 
conulade that a reaction velocity has now been attained wlucli 
is high enough to bring even a stoichiometric mixture up to the 
equilibrium. Lunge and Mnrmier ascribed uo eai>ecial im- 
jwrtance to reaction velocity, basing their view on Deacon's 
statement, that with a siiSiciently large catalyzing surface the 
effect of reaction velocity disappeared. In their above- mentioned 
esperiinenta, where the degree of decomposition was large, the 
oxygen was present in great excess, and hence the equilibrium 
was easily attained, and the catalyzing surface they used viras 
"sufficiently" great; but id the mixtures of gaa which are 
relatively poor in oxygen, this is not true, even at 430°^ and the 
lower the temperatu]-e the richer the mixture may be in oxygen 
wiihout being able, at. the velocities employed by Lmige and 
Marmier, to reach equilibrium and the high degree of decom- 
position corresponding to it. 

The observations of Lunge and Marmier were made with a 'iiio 
catalysb, which, according to the statements of the investi- t|f^^^^"^ 
gators, does not remain unaltered. This phenomenon finds lyut dur- 
espression in their experimental reaults in the fact that some- !jefiiiien7' 
timea more, sometimes less, total chlorine is contained Ln the 
gaseous products than was present in the mixture to start with. 
It seeins, however, as if equilibrium in the issuing gases was 
not disturbed by this. Nor indeed ia it theoretically necessary 
that it should be. Habei' and Van Ordt' have observed, in the 
action of hydrogeu on the nitride of calcium, that the ammonia 
equilibrium in the issuing gases is nearty permanent, although 
' 2./. iinori/. Ohemie, 4-i (1905), 341. 
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t\ui nitride slowly rhaiifjas. The aauiu tUiuj^ occui's in the 
Leuhnical [imimlaclure of wttter-jj;a8, aa vill be shown in a dis- 
cuasioD uontained in the Saveuth Leetura. But the chan^'O in 

tlio catalyzoi' does trouble ns, in tliat tlicreby the I'otio -i4- 

diffura from 1, evett in dry mixtures. If the catalyjier gives off 

chlorine ami takes up oxygen, ihe terra \/ y4— occurring in 

equatitm 7 will Im less than 1 in the escaping gua, and 
cunsequently — 

■^• 1 „ 

The distiubiog effect is of coui-se greateat whtii'e the amuunL 

of Hydrochloric acid which jiossea over the catalyst during Lbe 

cxpeiiment is smallest, that is, when the excess »f oxygen is 

greatest. For even a small amount of chlorine given. oH" by the 

CI 
catalyzer would change the ratio „ *, greatly when it was 

niLKed with only a sinaH amount ipf chlorine produced frum tbc 
hydrochloric acid. Liin^e and Marmier did not lay ranch sUvs& 
un this point, for they were chiefly interestud in the degree of 
decorapoHition, and it m but slightly affected at oquiUIirimn 
by this disturbing influencej for it lakes qnite a couaiderable 

change in „ - — .to produce any change in il, One can easily 

see this by working Ihrouf^h a few e.\aniplej<. 

The following table contains data which Luuj;i3 ;md Marmier 
have collected at 480°. They represent the mean values fioni 
parallel experiments numbered iu Mannier's dissertation 6^-85. 
The single values lie very close to the mean values. The fii-st 
value is bracketed, because the difference between the chlorine 
in the hydrochloric acid taken and the total chlorine contained 
iu the final product was far too great to yield any reasonable 
value for the equilibrium constant on the assumption that — 
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0-7.^ 


0-76 


I-all 


♦fl 


?M 


i»i 


31* 


M . 105 


tir73 


0^ 


1-35 


ii) 


71« 


DOS 


l»Tf 


» - *7 


0«7 


0-496 


l-Ol 


*0 



I conclude from this iLai the eqaHibriiim constant of the re- 
action iinderlj-ing the Deaoon process equals 2'0 at 4S0', 

If we calculate the equilibrium constant, from our formula 
for tb* energy of reaction (p. 180), patting A = 0, we find after a 
simple transformation that — 

4SC l^e'^'^- = -l'-^ - 37 X 2 3 Ic,.. 753 

+ 0-0033 X 7;i3 - S'ltJ 

and from this that— ^'"f -^^^' = K, s= 1 TS^ 

Ph. *< Fnvi 

The agreement is astonishing when we think how Inug and how 

beset with uDcertaintiea the path has been by which vr& Iwtc 

reauhed these roncliisions. We started from the ciul>oii dioxide 

dissociation, proceeded ria the wat«i--yas ♦xjuilibrium and the 

watfir-vapour dissociation, and liy comblnipy our results with 

Dolezniek's meaaureiuents nf the hydrochloric acid wU, finally 

obtained o-ur formula. 

If we now calculate the value of the equilibrium constant 

again «t atmospheric pressure, for the lemperature 43U^, which 

LungQ and Marmier considered the moat favourable, wu tiud 

that— 

* The Clj found is reciitculatcd in tertnft of tlCl oiid ndtloJ to tho IlCt 
fuuit'l. Thu result ta txprtss^ed in per cpnts, of tlie HCI tuken. 

' Ilatl we alart«<l rnim ex]ire9Biou (<) on [i, 133 fwr tlit- cdliiuiiic nctil tW** 
Bociatioii, wc ahonlj ]ii»?e foHnil I'tlSo for Kp. TIiIb 1« not very (lifToront rmm 
tin- value Iierc cltlaimid. 

^ Hal! we elarttil from tlio ex|treaniaii (-■) >iii |i. i;i3 for llio cnrboiilu nolil 
ciisftocintiuu, we slioiiM liavt fomul 'J"71l. 
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Btiirrnier'B 
ttMblCfi 111 



We aye tlint the location of the ei^uilibrium becomes more favour- 
able for the prepanitian nf chlorine the lower the tem^perature at 
whiuh we work. In the lieaton process, therefore, since as 
complete an yxidatiou of the hydrochloric acid an possible is 
desired, we should endeavour to keep the te&njerature as low as 
possible. The limit is Uere set by the reactiou velocity. This 
soon becomes too small. Lunge and Marmier could obtaiu a 
very noticeable trftos formation eveu at 310'', but tychnieal 
piactice has sho^^^D that we must work at terajieratures above 
400'' if we would obtain satisfactory results. 

I reproduce here Table II. eontainiug the expeiimeatal 
i*esull9 of Lunge and Marmier at 430^ starting with dry gases. 



PrewDre 


/^UCl 


%0i 


%N. 


Kccnvereil 
HCl in "; 


£ 


0-97 


.'5 


K, 


aim. 


1(1-*) 


737 


8-5 


916 




1119 and 11€ 


0-83 


2-44 


2-51 


733 


1 5-7 1 8+3 


— 


105. 113, 148 


0-84 


0-96 


l-d'A 


2-74 


73fi5 


lfi-3 83-7 


— 


84, 101, !<7 


0'83 


9fi 


2-44 


2-57 


737 


21-0 1 79-0 


— 


94, ill, IIH 


082 


093 


2-28 


2+5 


734-6 


28-6 71-4 


— 


|l>3, 103, |ii4 


0-82 


0-91 


2-2S 


2-51 


7& 


34-1 


66-n 


— 


UK] and \\t 


0-81 


0-«8 


2-1. 'I 


2-42 


730 


40-2 


59-8 


^ 


]05, 10ft, 117 


0'78 


o-«(; 


1-77 


2-t)."t 


735 


&1-1 


48-[l' 


— 


17i'3 uiul 7'>7 


(1^77 


0-81 


1«H 


Hn 


734 


53-9 


46-1 


— 


UK%ft9, 101, \\y> 


n-7C 


fi-79 


1-60 


2-&2 


734 


&41 1 4&-!t 


__ 


102 uml H»:i 


n-7.^ 


0-78 


1.^1 


1-02 


729 


67-4 ' 32 6 


— 


IIX) and lUl 


0-5M 


0-71 


0-71 


1-00' 


729 


72'5 27-6 


-^ 


u«fl!ici uri 


(»-&0 


0137 


U-irO 


0-74 J 


7^5 


83-1 ! Ifi-& 


— 


lOj iiftd lOfi 


IK19 


Om 


0-32 


0-;>8i 


726- 


Ol3 


19-5 


7:1-9 


t^-2 tnid m 


0-79 


0-6f»' 


1-68 


2-88 


72S 


VII 


182 


69- 1 


KI2 m\A IIH 


n-75 


U'IJ3 


1-50 


2-3H 


726 


23-3 


ItVO 


filk'? 


l0^^and Wl 


74 


O'.fiH 


142 


-i-45 


747 


26-0 1 16-4 


56' (! 


83 anil IWl 


0-71 


n-57 


122 


2-14 


725 


351 13-6 


fil-3 


lOSuiid 103 


0-65 


0-53 


0'U3 


1-75 


7'2iJ 


414 


12-2 


4e-4 


103, 101 ► 


U'47 


U-52 


0-44 


0-85 > 


715 


fll-0 

1 


1(M! 


387 


91 tinil 100 
1 


045 


0-44i 


0-41 


0-90 > 



We gather from Table II. that the er[uilibriam ia reached 
vrhen oxygen is used containing as much as 35 per cent. hydrO' 

I 1q these experiments the value of a is very uncertain. 

' The Tallies ofj^Oi froio thia ntimWi are computeil by the funmilii 



0, -ijHCl 



7(Kl 



0, -^na + ^, + HOI 

which will be Tfndily understood. 

= Iq this groini of fsp*riracQte Lie values of* aire very irragidar. 




chloric tad. 

\>j vnng av 

hydrodtknc 

aod ftt 35-1 fa ee«L<f BCatte ■■■■■iia — tiar * iMg w» t 

from the in«nilBiiM IW Cnsvaiie iiAaMfle «f am tasbm 

of oxvgen im Ae icaetiM as dwmt n«i mawt fhiaif \nr tW 

mixtoRe ii l i wi^ 39 per ^hL of HO. far «€ tliOB Uie one 

uiftde with pore «x7e« still var attdr lUfcAai tqwMWiaw, 

while that mde vidi air &Ib &r dnrt «C tt. 

Limee aad Mmtwt cuBcaaed tlnr aBtoBnkMBt that u 

pcetitimi sbixAd be ^mter when the L r Jro dilqrie acid is mixed 

HCI 
with air than when mixed with oxygen, the ratio - - beii^ the 



same in both a 




w 


ottU be — 


BCl 


a. 


S: 


HO 


i 


< 


1 
li-b 

351 




5?-3 


i 

151 

4 


1 


frfiO 

(Hfi 



Tbe eiplaoatiou of this phenomenoQ is evident Irom our abox'o 
(liscu£siua. The mixture conUiuin*; air comes vprv near rvnThing 
eriiiililinuiu because of ite &ui»ll bydritcliloric aciJ ooutcut^ 
while in t!ie mixtures contaiuiiig only piirc oxr^u Ite^ido the 
hydrochioric acid tlie reaction velixrity is no looger suflicient lf> 
bring about, the much larger trausfonnation, iu ypiio of the 
accelerating effect of the oxygen. 

I cannot treat the very valuable expeii mental itiatt'rial of 
Lunge and Marimer exhaustively, but must content niymilf with 
mentioning two groupsof exiieriments at IiEglior tcm|x)mtiires — 



A 


xna %o. 


56'6 


HCi in % 


m 

0-70 
O'Oti 


fu 


Mi~») 


17 


na 


718 
722 


28-0 ■ 14-9 
2ti6 16-3 


V/t\anA lift 
TianA »0 


0-M 
0'fl7 


l>7 
0>» 


Aid 
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The ci>u8taiil Kj, here ii|i]«'ar!i siiriprisinply lurge. Yet our 
formula for the tcnijjcmture at which the constant becomes 
e(|LLal to uuit}' — 



2-48 = 



6825 

T 



- 0-\mifiT + 0-0008251 



yidda Uw value T = (jilmut) 85(>' alw., or f = 577\ But we 
must recall here thjtt ttie catalyzer certauily begins to volatilizQ 
above 470". Deacou says it vetlatilizea even at 428°, and Lunge 
and Maniiier clauii tliat traces of it go over at even lower tein- 
pL^ratiires. It ia, conse<]ueiit-ly, inevitable that above 500" the 
catalyzer should distill into the cooler jiurtion of the tube near 
tlie 'nutlet. Tlie effect of thif^ would be that the gases would 
not remain ill the unfavoumUe eqiiilibriuni cnrreMpondiiig to the 
hiyber teniperiiture, but would react in the cooler iwrtinn of the 
tube toward an ei]iulibrium containing iiii>re chtoriue. 
"ITic _ We will close tlda diacussion by a srfei'eiice to the chemical 

"strDQErth" " ^tfcngth " of chlorine and oxygeu. We have juat seen that 
oEoiygea tli6 eqidlibnmii constant of Ihe Deacon itrticesB becomes unity 
ohiorine. ^^ about 577". Now^ this process deiieiida upon the distribution 
of hydrogen bet-Heen ehlorine and oxy-jen, that is, these two 
auljMtaneefi compete for the hydrogen. "We eonclmle from tl^is 
lliat both oxydizing agents are equally sti-ong at 577°. At lower 
leuiiwmtures the oxygen eii|iliirea niore of the hydi-ogen ; at 
bighev loiiiperatures chloiine doofi thig. So oxygeu has the 
greater ftffinity for hyibogen iu the cold (below 577'). chlorine 
in tlie heal (above 577"), Thin, of cuurde, applies only under 
comp*raldc cotidilionH of coiicentratioit, and the queslinu arises. 
What ary (.■oiiipaiable concentration conditions i There exista 
au atialftgoUH case where tlie answer to this question is evident. 
It is the competition of carbiiii monoxide and bydrogeii for 
oxygeiL. 

2Ha . _ 2HaO 

^ O, ^ 
2C0 + ^ 2GfJ:t 

TluB LH nothing other than the water-gas equilibrium. Its 
equilibrium couaUint beeomea unity at al>out 830° Above tliis 
temperatura the alUnity uf oxygeu fur hydrogen prevails ; below 
it the affinity uf oxyj:;en for ciirliou monoxide. HeR' the eoucen- 
trations are comparalite when carbon uimioxide and hyili-ogen, 
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on the one hand, and waler-vApoiir and carbon dt^xiale (yu th« 
otliCT, hare equal partial pres«ares. We mar, tbiTeffire, c-ohrlu.k 
iimuediat«-ly friini thi^ that a mixtiire of wator-vapmur and 
hydrogen can exist ti">gether iritL a smaller amouct of free 
oxygen above 830* than can a similar mixtnre of carbon tDOuo:[ide 
and dioxide, assnming, of oouree, that the p^ressuj^ is Uw same 
in both cases. Therefore, carbon dioxide di^isociates more above 
ZZO" than does water'Tapour. The nunierical values which we 
have found for the dissociation of carbon dioxide and for water- 
vapour correspood to these conclii'sions. "Whetj -we compare 
chlorine with oxygen the comparable conditions are nut fhj 
simple, because i^ai^eoiu chlorine is divalent, and gssetitis oxv»en 
is tetravaient. Ooe tnol of chlorine nnii&^i witli but oiie mol of 
hydrogen, while one mol of oxygen unites with two uitils nf 
liydrogen. 

Now, we judge chemical "atrenfrlh" ou the basis uf 
equivalent amounts. That is. we compare — 



witli — 



1J«+ Clart2HCl 



In the one case at equilibrium — 



in the other — 






V\n 



= K' 



XH«> 



Here we must write K^'i^ho), fur we have pre\*ioualy written 

(p. 108) K^iici) as referrijig to one mol HCI. The atronger oxidizing 
— — ■'' will have the bi|;her f^iuilibrium cnnstatii. "WV- then itw 
Hoft"(i Ibrimila — 

A = UT/rtKp - RTSrVdji' 
to find the comparable conditions in both caBCfi. and obtain— 

/'lliO 



nml 



A = RT^ffK^M,.!) - inv» —' """ ,- 
^ P\U X pi, 

A' = •RT^nKliK-i, - ltT/« ^««— 
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If the quotient^?- 



In 






and f. 



Plci 



' put X pa^ 



are arrangeil to "be equal in value, then each adds just as much, 
or just 03 little, to A and A', ami the dilTerence between A and 
A' shows directly the difTereuce in clieinlcal strength. 

We may aioiilarly detennine A and A' by the aid of galvanic 
cells. Since the same number of equivalents are tranaforined, 
the quantities of electricity generated in each ease are equaL 
Consequently the reaction energies A and A' stand in the same 
ratio to one another as the electro mot Lve forces of the two cella. 
We have Polezalek'a meaeurementa for one cell, and those of 
Boae for the other. We are already acquainted with l»olh 
in^'estigationg. Ilose made obaervatione at but a single tension 
of aqueous vai>nur, which we can place at 0031 atiaoaphere, 
Dolezalek, on tho other band, made measnrementa at variouR 
partial pressures of hydrochloric- acid, and eo we can easily 
cbouse cmiparalde concentration h in the light of what haa juHt 
been saiil, Tlmt is, since in comparable cases — 

pn., X i'O; pc\! X jDh, 

then abii — 

i'Ufi _ jUK. X i>i}j 
PIiU P''h XpH, 

In the measui-emcDts of Bose we msy call the presswe of the 
liydroyen and the oxygen equal to 1 atmosphere without ap- 
preciable error. Consequently pj, equals 1, and the prwiuct 
PBj X ph- also equals 1. In Dolezalek'a measure men ts the same 
thing iloes not apply with equal rigonr, lor the high partial 
pH^Fwiirc of the hydrochloric acid lowered the partial pressures of 
the rlihirine and oxygen perceptibly when the (utal pressure was 
1 atmosphere. Nevertheless, we may assume for the moment 
that in this ease, too, ^jcij and^iK. and ht'nce their product, am 
cijiial to 1. This t^lls us that, to judge the relative chemical 
strength, we must compare these measui-ementa where^ 



or — 



/'h,o - P»n 



But since the vapour tension of water was 0'031 atmijs|iherc in 
Boae'a experiments, we must uae the value Dolezalek fouud for 
a partial pressure of hydrochloric acid = v^0"031, or 017G 
atmosphere. For tbis partial pressare Dolezalek found aa 
electromotive force of 1 volt, in round numbers, wliUe Bose 
found V14 for the oxy-Iiydfogen gas cell. If we now take the 
fact just mentioned into consideration — that the partial preasurea 
of the chlorine and hyih-ogen were leas than 1 atmosphere in 
Dolezalek's experiments — it appears that we must take a cell 
contaioiag more concentrated hydrochloric acid, and hence one 
having less electromotive foree, if we would ohtain comparable 
conditions. ITie difference between the oxy-hydrogen cell and 
the comparable oxy-chlorine cell would thus becume still greater. 
The small difference of 5" between the temperatures of the two 
cells would affect their "electromotive forces too slightly to 
req^uire consideration here. Tlie result a^^ees, as wa-s to l«e 
expected, with the conclusion we had alreiidy arrived at from a 
study of the Deacon process. lu the cold, therefore, chlorine, 
though more vapidly acting, i« the weaker oxUlizbg J^nt. 

We will now cimaider two other gas reactions of technical Cuq IV. 
importance, namely, the formation of sul])hur triaxide from ^^''J' *°^'" 
sulphur dioiide and oxygen, and of amm^mia from the elements, com for 

The formation uf the anhydritle of sulphuric acid from I'^^'^'^f 
sulphur dioxide and oxygen — suipiiurio 

auiu, 

2SOi + Oi^2S03 

poajMKSPS the very greatest teclmical imjxirtance as the basis of 
the contact process for the manufacture of aulphnric acid. It 
hai lieen studied hy many iuvestigatora. 

The heat of reaction, according to BerthelotV statement, is 
4o,200 g. cal. at ordinary temperatui-es. Tlie value is calcu- 
lated as the difference lietween the heat of formation of gaseous 
sulphuric acid and sulphurous acid, and, in view of the maiked 
discrepancy lietweou Berthelot's and Tliumsen's values for the 
heat of formation of sulphur dioxide, is not especially certain. 
It refem to constant pressure. 

The mean specific heat of sulphur dioxide at conatant 
pressure has Ijeen calorimetrically determined by Regnanlt to 
be 9-S6 between 10' and 200^ Mflller's determination of the 
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ratio between its !*pecific ln.'»t at couatanL pressure find at 
constant ^'olume 19 in satisfactory agreement witli thi», giving 
1"256. Kcgnault fouuil the mean specitic heat of uxygen over 
this same temi>eratuTe interval tu be 69G. We du not know 
wbat tUe specific heat of sulphur triuxiile is, so we caouot com- 
pute the cimugu uf the beat of reactioD with the temperature. 

We will again refer the reaction energy tu the formation of 
a single mol of eulphur tri<ixide. The heat of reaction at 
ordinary temperatures referred to this quantity is 22,G0U chI. 
The formula for the reaction ener^'y saya^ 



?^. 



/'^, X ;>^. 



+ const. T 



A = Qo - ti'pTlriY - (F"r - ET/?t 
At the equilibrium A = 0, and — 

Here the quotient * - "^ is indepemlent of the x*reasure, aiuoe 

the unit of measui-e cancels fi-om both numerator and denomin- 
ator. We nitght equally wetl write pet cents, by volume or coii- 
centratiuna in its place, so in the futui-e we will orait the 
ineasuriug Factiir, 

In actual pi'actice t)ie object is to get Uie IiigheBt possible 
yield of SOa. At any given terajherature this will always be 
more fully attained the higher the partial pressure of the 
o.xygen in the final product. This is CAddent when the abovi» 
expression is written as — 

Dotermi- Tbe constant Kp becomes greater the lower the tempemtiire. 
tbc t-qiiiii- Experience hna Hhnwn that the formation of sul[ihur trinxide at 
hrinmonn- iij^i, teuipeiatuiTa iH considerably reduced by the strong dis- 
sociatinn of the aiilpbur trioxide inU) sulphur dioxide and oxygen. 
We owe our chief data for determining K^, to Knietsch.' 

' i3erl. Ber., "^4 'IWl), 41'W. Since then Kiiietpcli has conimiinicateil 
sniiiG fiii'tlK'i' ilelfLiniiialtoiiR in ivliidi siil|i'liiir ili(isi<k< inixuil Willi uir, eaiKaii 
»Uoxii3e, or watei'-vapouT was led over platinised aBTjestOB nt conatnnt fire-wiire 
ftrjii tempevQiiire, and Ihe nurliiiii^ed siiftiliiir iliuxtdc Hetermmed i"Bericl!it 
iU«?r ilc-n (linrtoii int«>rTintionQl«n KoLigrofs fi3r niigewatidti' ''hemic," vol. i, 
[..HIT .IVrliii, 11>04». 
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They were obtained by jiassing a mixtme of sulpliitr dioxide, 
oxygen, jiiid mtiogeit over platiuum. He only stated his 
rtisulta in tin; funu of cucvies, and the partial pressure r.i|" 
oxygen musi bo indirectly calculated, as in tbt case of thu 
Deacon ptocess. This has hwn dcme by Biode,' Bodlaoder aud 
Kojipeu,^ and by J. d'Ans.^ I shall follow the data yivou l«y 
the last. But for our purpt'.-*e3 we timst make a slight chaiigu 
in thein, because J. d'Aus did not treat the iiuautity — 



SOd 



I 



SOa " s/poj 
as a tcnstant, but talher — 

We will thercF&rc take the aquai* r<iot of the reciprocal of Ids 
numbers. The resultB of the density determiuations made by 
Bodliinder and Koppen are appeuded to the same coiiiputa- 
tioa. These two investigators employed a very original 
manonietrie methcKl. They used two similar quartz vessels 
coutniuing nills of platinum wire netting. They tilled one of 
them with air, and tlie other with a mixture of sulphur dioxide, 
oxygen, and nitrogen. Both vessels wei-e now heated to about 
600°, and the preaaiire made one atmosphere in each. The tem- 
perature was then lowered to 413^ This occjisiyued a greater 
decrease of pressure in the second than in tlie first. lu the 
first the Loutraction of the air was due solely lo the cooUng; 
but in the second an additional cuntraction was occasioned by 
the combination of sulphur dioxide with oxygen. This diller- 
eiice in the decrease of pressure was a measure of the atnount 
of trloxide fonned by cwHug from the initial tempemtute to 
413"*. But since at 4i:i* sulphur dioxide and oxygen unite 
almost quantitatively, it showed ilirectly how gL'eat the dis- 
Bociatiou was in the neighbourhood of 600**, and hence showed 
the location of the equilibrium at this temperature. The use 

' Given ouJy io Lun^, " SixLiiucliiaLrLe," itrd edit., i. Oil. 

* ^r./ Elektrofhemk (1903), 787. 

3 DiBt>crliktioD Darmatadt. " Drs wiujuerlreic F>;rroBu]rat Qti*) s^im 
ZerHetzuiig lieF Liihereu Tempemtiiren," i'niiluil by Fiencke in Kid 
(1005). 





19+ 



THER^fOD YiWAMiCS 



of liiglier Lemperaturus was precluded by iLe oljBervati"D that 
oxygen was then abBovheil by the platmura filings in the quartz 
vesaela. The ileterinj nation a agree excellently with those of 
Kiiietscb, 



(O 


T° 




DmllUadeT. 


RiftK, 


4S0 


733 


irt/'Ov 


10-369 


£00 


773 


7:i!-3l) 


— 


8-477 


61fi 


«HH 


— . 


i;o-44 


8-L>!NI 


553 


f<2« 


— 


24-07 


6-300 


600 


673 


i4-:«i> 





5-350 


610 


ss:! 


— 


10-50 


4-fi68 


660 


n'i 


— 


4-45) 


2-955 


700 


1)73 


4-ft4 





3-124 


eoo 


1073 


t-si 


— 


l-l7-i 


000 


1173 


iJ-67 


— " 


-i-:08 

* 



There also exist two detevmin«tions of the equilibrium 
constant Kj,, made in the laboratoirieg o( the Hochst FaTbwerke, 
which, when expressed in otif units, give — 



(0 1 T" 

1 


K, 


465 i 738 
&15 788 


1175 



lliD re- 
lict inn ElO- 

Bxlliiiidi-r 
nnO K<ip- 



They deviate very widuly, as cme can see, Irom the value in our 
table. According to the stutenients of the observeia tliemaelves 
(Lnnge, " Sodaiudustrie," L ^i. 95(iX the experiments ou which 
they are based are not above criticism, and tliey may therefore 
be aet aside aa less certain than the others. The small values 
given by liodlJiuder and Kop|)en for 6u0° in the above table 
fall a little out of line from the other values. Bodliinder and 
Koppen admit the possibility uf on cxperimeDtal disturbance 
which would have caustd it to come out too ^mall. They have 
alten)i>ted to deduce the heat of ifiiction from their own and 
Knietsch's observations. For this purpose they have recalcu- 
lated the constant so that it represents Kc instead of K^ This. 
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can be done here by simply multiplying by \/0'0821T,^ From 
tliis they have computed the heat of reaction at constant volume, 
iiaing van't Hoff's equation (see p. 64)— 



IWnK, - E/«K', = Q^^ * ^) 



Bodlandcir and Eoppen round from their measurements that at 
550* it eqaalUd 25,500 cal. At constant pressure it would 
thei-elbre be 25,910 cal. The measm-ementg of Knletsch yiiild 
(according to Bodlauder and Koppeo's computation) the rather 
variable values — 



650 



lioO 

19,1X10 



750 

18,620 



850 " C. 
27,U6 (ml. 



Professor Bodenstein, of Leipzig, has wriLli^n me peraouallv Uuden- 
ahout a further investipation of this enuilibrinm which he hns ?**"'* 

. luvefllaga- 

just completed. Uis method consisted in passing a mixture Lion. 
of snlphm' dioxide, alr^ and nitrogen over hot platinized 
asbestos contained in two qunrLz vessela Combination took 
place in the first vessel until equilibrium waa almost reached, 
so that in the second and main ves^l there was no disturbing 
heat of reaction. The carefully executed determinations gave 
the following results; — 

727 78a 832 WI7 

1000 loey 1105 1170 

1-8G 0-95C 0-ti27 0-35& 

1-23 -0O89 - O'Dil - 2-055 

A calculation of the heat of reaction from interval to interval 
of the temperature by means of van't Hoff's equation gave 
much more regular results than did the corresponding calcula- 
tion of Knietsch's measuiemeats. The numbers lie quite close 

' llua ma.y Iw Tvuncl iu the foliawing way : — 

SO, J_ 

and furtlier 

where ^ i£ espr^aed in aOnoepheres and ca ia mok p«r litre. 
SO. 1 _ 30, 1 



r ... &1B 


579 


r/27 


680 


■r ... 801 


B52 


yoo 


9o3 


K, ,.. 31-3 


13-8 


5-&i 


324 


WnK, 6-82 


5' 20 


3-72 


2-33 



K.= 



vem SO, ^ ^ |j,^ 

V 0-6821 X T 



Finally 
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to Qb = 21,7110, and show no perceptible teuduuuy to increase 
or decrease with the temperature. It appears h-om this that 
the difference between the specific beats of factors and products, 
rei'eiTed to eouatant volume, must be small Ye^t ^Hodenatein's 
niimliers, although they probably surpass those of Knietsch and 
of liodlaiider and Koppeu iu accuracy, are hardly accui-ate enough 
to fiimisb us certain kuowledge of the specific heata. The 
expression^ — 

r^,K,, = ^i^ - 20-4 , . . . (8) 



may.hoM-ever, be deduced from Bodenatein's measurements with 
a degree of approximation sufficiently close for practical pur- 
poses, and in what follows we shall use it. 

Here, just as in the Deacon process, Lho technical interest 
centres cliiefly around the "yield," referred in thin case to tho 
amount ul' sulphur dioxide used, If we call tliis yield .r, Uieu — 

,_ SOa 

"'■ SOa 4-"S0a 

where SOg and SO3 represent the fractional parts of the gaseous 

SO 

products which these gases make up. The ratio ^^ appearing 

iu our foruiulic is then dotermiaed I'y the relation — 

j'SOj + oiSOa = SOa 
(1 - J-)S03 = .rSOa 
SOa .7J 

SOa" 
"We can therefore write — 



1 -Si 



and since equation (8) tells us the value of Kj, with sufficient 
accuracy over the whole temperature interval, we can calculate 
the attainable yield. For this purposu it is more co&veuieut to 
reanunge the last equation to^ 
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We may represent per cents, of the thaoretical j-ield on the 
ba^ia of IOOj. It can 1* directly seen from the formula that 
the yield de[>i;nila directly on Ky, which in ita tarn is solely 
determined by the temperature. Equation (8) may bo used 
without hesitation down to 430° and according to it, ,Kp 
changes fnjm 19S at 430° tu 036 at 900°. Temperature, there- 
fore, has the very greatest influence. On the other hand, the 
dilution of the j;as in, general affects the yield but slightly, 
because the partial presaiu-e of the oxygen in the gaseous 
products, which is the only factor which cornea into play, exerts 
an influence which is not proportional to itself, but to ita square 
root> 

1 1 is desirable, for practical purposes, lo uae a formula in 
wliich the oxygen and sulphur dioxide contents in thp gaseous 
piijilucts appoar instead of the partial preissure ;^ of the oxygeu, 
II is easy to formulate such expreaaioiis. There is — 

« = "f, SOj in initinl mixture 



ffl -1-6 + f = 100 

Furlhei%.i, as Ijefore, shall represent the yield, that is, the 
ratio of sulphur trioxide formed to that which could have been 
formed. It ia then clear that Onoic of the h jarta by volume 
of oxygen would be used up, and that the volume would 
decrease from 100 to lOo — O'Soj^. If the total pressure is 
kept at one atmosphere, the partial pressure nf the oxygen in 
the gaseoiLs product is — 

_ h — Q-n X a X J 

^ ~ 100 - oafF X X 

and we obtain— 



a? = 



/ h - Q-5a 

V 100 - 0-f 



- Q-5aai 

100 - O-Soar 



> Kiiielsch, ^' BericliL Ubcr den V. iDtem. Kongresa,'' Lt., baa fnund tSi&t 
ililiition liiiH All efloct in atrcorttnnco willi the theory, nt tea^t, n'Hoii tiitrugen 
or cArbon iliuxide Arc imorl an diluents. On tiie ntlier hand, the ndrlirtAn uf 
Inrge qiwntities of Ha(tr-vi\j>oiir neems lii liampcr llie roartion. 
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This expressioa is not convenient to use, because it is an 
etiiiatioa af tlie tliml degree witL reapect to x. It ia easy, 
Itowever, to draw a series of concliisiona from it, provided one 
assumes that in the most favoura'ble case the yield could be 1, 
that is^ the i^eactiori eould take place quantitatively. On the 
other hand, the oxygen content in the initial gas mixture cannot 
rise higher than 100 per cent. The highest possible value of 
the radical is therefore 1. Practically all attainable values lie 
below 1. The smaller tlia value of — 



V 



h — O'So.!; 



100 — 0-5 X »x 

tlie greater will be the value of the denominator of the quotient 
representing the yield. The greater the valua of the radical 
becomes, the netirer will the denominator approach the most 
favonmble value Kp + 1. The greater Kp is, ao much leas 
important is it whether the radical equals to 1 or to J or \, 
The greater h becomes, that is to say, the greater the perceiitage 
content of oxygen becomes in the initial gas mixtui'e, the nearer 
will the radical approach the most favourable value (1) possible. 
If we have but a trace of sulphur dioxide mixed with pure 
oxygen in the initial gas mixttire, then the radical will not 

K 

differ appreciably from 1, and x will simply equal ^g^Ti" ^^ 

the temperftfcure lies between 450' and 500', where the equilibrium 
conataut is about 100, the yield of sulphur trioxide from this 
trace of sulphur dioxide is {[}?, or pmctically quantitative, if 
the temperature lies some 200° higher, where the equilibrium 
constant equals about 3, the yield sinks to .r = J, or but 75 per 
cent,, even in this ideal limiting case. If we imagine a trace cf 
sulphur dioxide to be mixed with ordinary air instead of with 
pure oxygen — 



ViS^.= v/,L = V0W=.V45 



and the yield will now be- 



100 



K, 



K, + 2-2 



100 



Belween 4^0" ami noO" the yield will still be ,^^, or almost 
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quantitative. But at a teraiieratiire ^00° degi'ees higher the 
trace (if sulphur dioxide will uot be more tliaa jjlj, or about 
58 per cent, converted. We see, then, that the great difference 
in nitrogen makes hut little JifFerence at lower temperatures, 
but becomes very important at higher ones. 

lu order, finally, to make an actual applicatiou to technical 
comiitions, we have computed the following tnhle ; — 



The 
mniimnn] 

ridd in 
prat^tirt. 



Iniual ffu tniKtun. 


Tempentute 




Uuiniuni 




3tH. 


yield tti 


7^^ 104 
7-0 10-4 
7 j ll>4 


8ie 


4.14 

(S45 


:iiii 
frl4 


99 

as 



The actual experimental yields may ea.'4ily exceed thu values 
cfilculnted for the higher terapeiutitres, provided the gati 
has iin opftortunity to .strike any of the catalyzer as n 
crools ofT. 

The LntluencB exerted by the ci>Luposilion of the giiseons: cleitieDH 
mixture has been often liiscusaeil. because Clemens Winkler, lu (^^^ji^n.*' 
whom we owe much of our knowledge of ihis process, cama to the tioa to tlio 
erroneous conclusion that the most fnv'oui'able composition for the dioxida 
initial gas was 2 vols. SOa to 1 vol. O^. He reports regarding proo««H. 
tlie tirst Htages of liis procedure in Lunge's " Sodaindustrie." 
It appears from his description that his first ill succa^s was by 
no means due to the urifavnumble composition of Iiis gaseous 
mixture. It appears that from 1879 un, lu the MiilJeuev s.melting 
works, sulphur dioxide gas mixtures containing 7'0 to 7'5 per cent. 
SOa were (lassed over platinineil asbestos, accoiding to ClemPTis 
Winkler's advice, and a 45 per cent, jield of SOs obtained, the 
sulphur dioxide content falling to 4 \yei cent, "It was dis* 
coveted in 1889 that the yield of anhydride rose to 85 or 90 per 
ceur. on a single passage over the contact subst-ance, if gas 
mixtures were used whose oxygen content considerablv exceeded 
thai of tlje sulphur dioxide. Consequently, after that, gas 
uiixtui'es containing but 6 per cent, of SOj were empEuyed." If 
we assume that there was 75 per cent. SOa, and 375 per cent. 
O3 hi the first case, even then a yield of S5 per cent, ought to 
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have been obtained if tbp temperature of the contact substonco 
could liave been succtJssfiiUy reduced to 470°.' 

We only need to substitute 7'5 for a, 375 for b, and 0*45 
for X in o«r formula to cojivmc^ ourselvts that the constntit Kj, 
equala 5"7 in round numbers, and that consequently the tem- 
perature used in the Mnldener smelters must have l^een nearly 
640°, Conversely, the constant would have needed to be S2'4, 
and the temjieralare about 470"^ C. (perhaps a little lower) if a 
yiekl of S5 per cent. Tcere to have been obtained with a gaseous 
mixture of the same composition. But it i$ cjtceeding im- 
probable that the sulphur dioxide gases could have been so poor 
in Oxygen; and even if the later increase of the percentage of 
air which reduced the SOj content to 6 per cent, did double the 
yield, the mass action of the axygeiii C(:rtain]y liaJ bui little to 
do with this. It is much more probable that the real reason 
lay iu tbe eooliug of the contact substflBce by the dilution of 
the gas piixtiiiip, and that consequently the cquUtlirium constant 
acqiiirtvl a more favourable value. This view is coufitmed by 
another statement of Clemens Winkler, He says that if the 
gag mixture which entered the cont<ict clianiber containing 70 
to 7'5 per cent. SOa, and left it containin*; I»ut 4 per cent. i^Oj, 
were frei.'d from SOj and again passed over the catalyzer, com- 
bination went 80 far that now but 0-2 per ceitt. SOa remaiiieil in 
the escaping gases. In this second operation, then, the yield 

3-8 



was j nr 9o per cent. How impossible it i^ to explain this 



"itliRr 
laliilyHta. 



by mass action, and how natural thei-esult is when we remember 
that in the second operation the diminished lieat of reaction of 
the much pooivr gases could not heal the contact anhatance 
nearly so hot! 

Tiiis illustrates, perhaps, how the thermal eflfeots in ga.'^ 
i-eaction may very often completely ina^«k the influence of mass. 
Mass action, bccauae of ita aiuipUcity, attracts interest and 
attention, but the tliermal effects based on thermoilynainic 
considerations which are less! generally known, ur mther less 
appi-eciated, are neglected. 

Tilt* great advanta^'e of jdatinum i^s a contact subEt.Tnce in 
the preparation of sulj'hur trioxidi- lies in the fact that evtm at 

' Th^re ill nu groiind fnr assuming inBiiflictPiil caiiEnol Biilwrnncr, or n ton 



RHACTIOyS WHERE NO. OF MOLECULES CHANCES 201 

a teraperatnre l«lnw 500", it catalyzes the reactinu sufficiently 
to allow us to iitili:!e the very favoiimble kx^ation of the 
tqiiilibrium at tliia tcmjierature and yet enipkiy rapul currents 
of gas. All other catalysts work lesa satisfactorily. Nothing 
is easier than to fiml catalyzers for the fonnatiihn of SO,,, Aa ia 
gooerally the case in f;a9 reactions at high teTni>e.rature3, almost 
any indifferent rough surface hastens the reaction. Knietach 
ha.^ illustrated this effect very prettily by replacing the platinized 
aabeatiis with fragments of porcelain. The velocity of formation 
of sulphur trioxide is much smaller at relatively low tempera- 
tures, and the equilibrium in. far from reached. But the higher 
the temjierature, the more, nearly diies the action of the broken 
poi-celaiu approximate to that of the platlimna.and at 850° there 
ia but little difference lietweon the two. Yet at thi.'^ lem|>eratnrc 
the location nf the equilibrium in ho unfivvmimlile (Kj, < 1) that 
thia catalyzing effect U without teolmieal imjwrtaiiee. Acoflrdiug 
tu a well-known jirinciple of pl)ysi<?al chemistry, first .'ftated 
by Ostwabl, every catalyst accelerates the i-eaction aud the 
riiunter- reaction in the same degree, provided it remains itself 
unaltered. In fact, Knietach has found that the rate of 
decnnijiositiLHi uf nulphur trioxide by broken poroelaiu is quito 
analogous to the rate of formation of sulphur trioxide under the 
same conditiiin3. On the other band, when sulphur trioxide Mas 
passed at 900" through smooth jwrcelain tubes under comiitiima 
which were otherwise the same, the decomp«>sitinn was very 
slight, due to the absence of rc^iigh surfaces. We may conclude 
from thj:5 that only .small quantities nf sulphur trioxide, compared 
with the theoretical amonnts, would be formed, in smooth tubea 
at 000". 

Bat easy as it is to find aultstancea which will catalyze, it is 
very diifficult to find aubstflncea which will catalyze well. 
Among those which penple have huped would replace platinum, 
ferric oxide, or more partiodariythc ashe3 frr«m the jiyrite ovens 
in the manufacture of sulphuric acid, has acquii-ed the greatest 
imi>ortance. To l>e gure.its ratalytic actirm compared with that 
of platinum is shown by Knietach':! curves to be small, aud 
experiments by Lunge and VolUtt' have confirmed this. The 
relation 4if lite equtlibrium point to the decomiK).iition potential 
of ferrous and ferric sulphfltH which liere comes into play, ba.-i 
' l.f. m^m. r-Arwie, 15 (l!K>2), 1105. 
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bceu Studied by J, d'Aus (Lc) at Keppeler'a suggestion. Ltinge, 
in his haBclbook, states that the relatively high yield of from 60 
to 66 iwr cent, was obtaiued with these ashea. Other statoniBUts 
indicate a smaller yield. It is still an open question whether 
equilibrium is reached using this substance aa a catalyst. 

It remains for ua to consider the formation of ammonia from 
the elements. The suhject has been carefully inveatigated by 
Haber and Le Rossignol ' after a preliminary treatment by 
Haber and van Oordt (see p, 259), They determined the 
quantity— 



a X ct 



= K, 



using iron, manganese, nickel, chromium as catalyzers. 

This reaction is hampered hy the peculiar difficulty that 
even with manganese ami iron, so for its best known catalyzers, 
a quick ndjustment of the equilibrium is nut reacheil beluw a 
temperatuTc of 750^ where the ammonia is almost completely 
split into its elements, at least under ordinary pressure. 

In the formation of sulphur trioxide it was all important to 
keep the temperature low where the equilibrium coustfunt has 
a high value. Here the problem 13 to find a catalyzer which 



' Be,-L Ber^ 40 (IHO?). 2144, The experiments of Haber aroj nn Oor-U 
licitig in^ufHcieiiL for n very accurate deduction of t lie eqiiilLbntitii, a new 
inveBtigation was cnrridil iml, especially becaiisfl Nernst privalely inrormcil 
the aulljor that experimente with high pMBsureB gA7e Um ooroparatively 
Irtwer figiiicH. 

Bsur [Z. anorg. Chtmie, 23 (1902). p. 305, and Ber. fl. i. Chtm. Gas., 
34 (IMl), SUM) liaa inndt' tlwlrn-chemical measurementa on tlif cleetrolysia 
of nmiiinnm, Uc roncliidca Ironi his nliaervntronM that ammunm \a formeil &t 
25* witlt ft roactiaii energy coirespotjiliiig to 0'G37 volt. Expressed tti 
CJiIoriinetric nsiitu, Iliin gives. 37*4711 C.ll. per mol for the free energj-. Il is 
iniposaiWe to Imrnioiiiie t]iis wil.li our [jiDftstirt'inejilR, for QL-corcEing to llpiier, 
niiim<L>jiia would then Iidvl< a pnrtinl pressum ^^f 0-H9 atmnsphcre whm tlic 
ititirogan and hydrogen were nt alinoaiiherii? presaiire, or, more precifiely, 
ntmo!)pheric pre^niire miiiita tlif partial pivwiire of the nmmoiiia. 1 am of 
ttio Opinion tlml Bfuier')' o1i>>i.-fvnCioii!i do not prove that iimnionin U Ix'iiig 
furmetl or decomposed reversilily, nnil ponaeqneiit!Iy tlo not consider Hmt hi« 
mwsifreiiierits: run tell us nujlhijig pertain al-oiit the energy of the formation 
if aitimoina. Itorl.lK.'lot'w slatemeiitB regarding ihe ammonia eqiiUihriiiMi 
{" Mi'd'hanifjue chiiniqne/' li. (1^97), 376) are either wltolly meaningleiifi or 
iniippli cable;. 
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will catalyze at tliese low temperaturea, so that they may be 
used. Iron, the best catalyzer at present known for thia re- 
action, ia far iDferioT even to so poor a catalyzer of the sulphur 
trioxide reaction as broken porcelain. But we can predict, aC 
least approximately, what results could he attained with a good 
catalyzer. 

We will first writ€ our foTmula for the reaction energy — 

A = Qo - fj'^lnl - a'T - BTM ,^^"\ + const. T 

aud observe that 12,000 cal. are evolved in the formation of 1 
mol of ammonia at ordinary temperatures and at constant 
pressui-ea. We further note that, accordinij to Wiillner, the 
true specific heat of ammonia per mol at constant pressnre and 
at 0" ia 8-54; at 100', 9(17 ; and at 200", i>-39; while the mean 
specitic heats of the permaneut ;:^es at constant pressure 
between O"" and 1" may be taken with sufficient accuracy as 
equal to 6-64 + 00003T. Putting the mean specific lieat of 
one mol of ammonia at constant pi-easure between 0° abs. and 

61 + 0-002T + 2 G4 x 10 "T* 

the true specific heat will lie — 

6-1 + 0-n04T + 7-82 x KT^T^ 

this beinj at SOC equal to STG, in fairly goixl agreement with 
Wiedemann's figure. Oii the other hand, combining this value 
with the above-given expression for the epecifio heat of per- 
manent gaaes, justified by the measurements of Holborn and 
Heuuing, we get fur the diflerence in the speciHc heats of factors 
and prcmlucts — - 

'■rtp.™.p«>= 13-28 + 00Ortr>T 

''KSHo = '-'l + 0-0002T + 2-fJ4 X ll)-«T^ 

From this we find — 

Qo= 10,100 cal. 
and 

A = 10,100 - 7-lJ^T/ttT + 1-4 X lO^^T -I- VZ1 x lO^c'r* 
+ 21-MST- \XXhi-/^^* -. 
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pOHHllllll? 
} Ltild. 



930 


850 


800 


750 


700 


2-00 


279 


3 '33 


4-68 


ca, H-8 


1-90 


2-77 


3-60 


4-8fi 


6-8 



Tlie value 21'98 conesiMinuls U* tlie expcrimeuLal data, 43 will 
li6 seen by computing tbe equilibrium constants from this 
formula and comparing tliein witli tlie experimental resullB, 
which were as follows : — 

Degrees C, 1000 
10% found 1-48 
10*K^ Cftk. 1-45 

To simplify the calcula-tion the following form of the above 
eqnatioQ may be iiwd : — 

Iog,„ K, = ^~~ 3-626 log.o T + 307 x 10-*T 

+ 0-29 X ll>-^T^ + 4-82 

If we oalculate, with the aid of this formula, tliu coniposiiiiou 
of mixtures of uitixigeTi, hydrogen, iiml ammftnia which ai'p: in 
equilibrium nt atmospherie pressure, aud assume that the 
nitrogen nnd hydrogen are pt-esent iu equilihrium quantities 
(Nj:Hj = l:3),'wefiml— 



Ti?ni|wnttuic 

in ^ C. 



27 
3i7 

mi 

lUOU 



Vol. vH, 



Vcl. % N, 



Vnl, % SIT, 



9G'32 

O030 

0-flOfi5 

t>-004H 



It is evident from this table that ammonia could be obtaiiied in 
good yield at low temperature just oa sulphur trioxide could. 
provided we could only find a catftlygt which would act a** 
pfficieutly on the nitrogen mixture m pUtimim does on tht* 
mixture of sulphur diosl'l? and oxygen. 

The ftitftinable yield of (immnnia fi-oiu a giveri amount of 
nitrogeu may here be represeuted with the help i-f thu pmidl 
pre.'^siireg in the gaseous products by — 



Pmh, 



or 
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Similarly, the yield from a given amount uf hjJrogeu. would by — 

The equilibrium conditiou may lie written as — 

K, = - ^'=^«. . /J«*- )c ^'^^-^ or ,»• X -p-^ 
Substituting the expreaaiona for the yield in Ihisj we get — 



' 1 — .r 



V^ 



707psj lo,v 



;'H= 



i - y Vph, X /)H, 



These expressions ai'e somewhat complicated, but this much 
is directly evident from them. When we wish to convert 
nitvogenat all completely into ammonm, wu must use rt gaseous 
inixtwre contiiining much hydrogen nnd but little nitrogen. 
The utilization of the hydrogen is then, of course, about as 
incomplete as possible. Uut if wo wish to make ammoniEL 
in this way we could do as is done at (he Muirlener Smelters : 
we could remove the aimuouia formed by absorption, and repeat 
the process after having added a little nitrogen. In this way 
no hydrogen would be lost. 

The reveree attempt to ubtaiii the highest ptisaible yield of 
ammonia from a given amount of liynlrogeu never has so gooil 
chances of success. If we try to accomplish this by using a 
mixture containing much nitrogen and but a little hydri:^eu, 
then very little ammonia is formed, as tlie experiments of Haber 
and van Oordt have shown. Noting that when the content of 
ammonia is small, the sum of the panial pressures ;\v^ and 
pHj is practioiilly identical with the total pressure, we may 
write as an approximation — 

P*Nu. = n X ^'s: X ^^n, = KVh.{1 ~V^^:^ = KV^h.-^^'h,) 



or — 



;'[fH, = ^p\/iKt - i'*n. 



If, now, the partial pressure of the hydrogen has the value O'SS 
atmosphere in one case and O'Ol atmosphere in another; that is, 
if in one case we use idinoat pare hydrogen and in another 
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altaosi, pure nitrogen, tlie latlo ul' Lbe quuDlJUcs of ammania 
wiiicii ^v■e obtain in the two cases is — 






The uae of nearly pure nitrogen then depresses tJie ammonia 
content of the gaseous product till it ia about 100 times smaller 
than when we started with aLmost pure hydrogen. It con- 
sequently escapes observation. 

On the other baud, if we m$h to choose conditions such that 
the yield of ammonia from the hydrogen will l>e a maximum, 
M-e ]nake use of the easy trvHUsformalioti — 



!f = 



1 4- 0'67\/pt. x>^. 



where the paiiial pitissurca as usual refer to the escaping' ^as. 
We See that this expansion gives a maxiuium value I'or </ wlieu 
the ppxtuct p^ X^',] hasamaxiuium value. Thia happens vvbcu 
the escaping yas containa as much nitrogen as hydrogen. 

Kecjurring for the last lime to our equation for the formatiou 
energy of aiumonia, we ob3er\'6 that the value of the last term 
in this equation. 21'9ST. is surprisingly large. It iudieates 
that our assumptions regardiug the specific heats are incomplete, 
and we aumiise that a more exact knowledge of the specific 
beat of ammonia would so alter the ejcpressioii that the noustaut 
would come out auialler. The numbers relating to the location 
of the equilibnum would thei-ehy be somewhat changed, bnt the 
general idefis regarding tha formation of aniinonia which we 
have derived from our equation would suffer no alteration. 

Tlie peculiar inertness characteristic of nitrogen, whiL-li 
appears ao prominently in the pa'paraiion of ammonia from 
the elements, reminds us of the condition which we described 
in connection with the formation of nitric oside. There we 
found that nitric oxide decomposed but alowlyinto the elements 
at an intense white heat. This peculiar inertness of nitrogen 
will always place a serious handicap on the cheap techiiiciil 
preparation of annnonia, jiarticularly 30 long as the tremendous 
amount of combined organic nitrogen with which Katnre has 
iwuvided us lasts. Nature brings liliont the transformation of 
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elementary nitrogen into ammonia and nitric acid in her slow 
way with the greatest facility and on a most colossal scale. 
While she has accumulated nitrates at but one place on the 
earth's surface in sufficient quantities to mine — and its exhaustion 
is imminent — she has provided for us a much richer and more 
vailed supply of combined nitn^en easily convertible into 
ammonia. 



SIXTH LECTURE 



THE DKTERMISATrON OK TllK SPEtlFIC BEATb OF GA9E8 



Thkue Hi-e botli dii'ect and indirect methods fur iletermiiiin^ Llie 
specific heats of gases. Of the direct methods only those which 
give the speciHc heat ut coustant pressure yield results of any 
accuracy. Of tha indirect methods there arc two wliich are 
particularly iniporiant, and results obtaiiHid by them hjive 
found frequent mention in the preceding' lectoi'ea. 

One of these indirect methods consists in measurm;^ the 
pressure produced by exploaioDg. Knowing the heat evulved 
by the explosivi^ reaction, wo can tell fmm this pressure what 
the mean specific heat ia bftwcen the room temperature and the 
temperature attained dm-ing the explosion at constant volume. 
TliG ('tlier indirect metboil depends un the dt'tertuititttiori of 
the ratio between the true specific heats ftt constant volumii 
and at constant pi'essure. 
Fire* lie- Crawford ' first investigated the a^iecific heat of gases. He 

teritkinn- .sought to measure the difference between the heat given off 
Mpcrittti friuu a metallic vessel when evacuated and when fnl! of gas, 
heniof Ji ■ivhen the veissel was heated to a detiuite tem[ier4iture and then 
plunged into a water-calorimeter. But in this case the heat 
capacity of the ga-y is ao small compared with ttiat of the con- 
taining vessel, that it is iinposaihle to obtain reaults of any value 
by this method, unless we have a calorimeter of extreme 
delicacy. It was only much later tbat Joly" and llunsen* 
constructed such an instrument. Indeed, with Crawford's 
apparatus, it was impossible to obtain even approxiinately 
correct values. Thus he found the specific heat of air eight 
times greater than it really ia. . ^™ 

' Goliler'B '■' i'liyaikul. Wlirterbticli," 2u.il edit., vul. 10, bcctiuii I. 
* July, ;V«c. Ras/al 6'.«-., 41 (I88G). 352. 
■' BtiiiRBii, iVieU. Ann.,31 l.lfiS7j, l. 
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The use of frreater nuanticiea of gas would, of course, io- Exj>cri. 
crease the accumey lA the (ktennination, but at the aame time ?»pfUor 
it necessitates a cliauge in the method of procedure. A aud 
closed vessel larjje enough to contain a sufficient quantity of ^"P'*^''- 
gas would require a caloruneter of impossible dime&siotis.. 
Consequently we abandon closed vessels, and resort to the 
device of pcissing a hot gas through a coldcv calorimeter^ and 
measuring (he heat it there gives off. In this way we are no 
longer determining the specific heat at constant volume, but at 
constant pressure. Lavoisier and Laplace,' who first employed 
this method, using an ice-calorimeter in conjunction with it, 
immediately got better values than those of Crawford. Yet 
even their results are quite divergent from the true ones. 

It 13 easy to obtain large and easily measitrable beat changes 
by passing large quantities of gas through a metal spiral en- 
closed in such a calorimeter, but, unfortunately, several sources 
of uncertainty are thereby introduced. The gas must, of course, 
be brought in a tube from the heating chamber to the calori- 
meter, It L3 not difficult Ui determine the temperature in the 
heating chambers, but it is much more difficult to ascertain the 
temperature change between the exit from the heating chumber 
and the eutrance into the calorimeter. It does not suilice to 
place a thermometer where the gas enters the calorimeter coil, 
for if the temperature of the g&9 does not coincide witli that v{ 
the surrounding metal cell at thi^ point, then the reading of the 
thermometer will l.»e determined as much by the radiation fram 
the walls of the tube as by the temperature of the gas itself. 
Ita readings are, therefore, incorrect, By bringing the heating 
chamber right up to the entrance of the calorimeter, we can, to 
be sure, cause the gas to enter the calorimeter at the tempera- 
ture of this Iieating chamber. But in this case the heating 
chaml>er heats the calorimeter at the junction, and may easily 
alTect the calorimetric resiilta. EegDault was the first to over- 
come these difficulties. 

Before perfecting tliis dittictilt method experimenters G»y Lm- 
naturally looked about for a simpler one. Gay Luasac devised ^f!^„,g 
a method by which he could measure specific heats, at 

* ncgAi'Jiiig tli«B>e &iid olher older cxperiiDeut^, see I{«giJauU'y liietorical 
Ireatraeiit of the subject iti the JffJiioirMrfe Vlustituie de Fnir><-e. SG^lBfiil. 
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least relative to air. by a purely tliermoraetrlc comparison, 
without using the heat changes of a calorimeter. We have 
already become acquainted in the transpiration experiment 
with the first method which he tried. A holder full of air and 
enclosing a thermometer was suddenly put in connection -with 
a similar eyacuated vessel containing a second thermometer. 
When the gas rushed over, the temperature in. the first vessel 
Bank by the laame amount that it rose in the second. The same 
thing happened when other ga^es were used instead of air. 
The magnitude of the two oppoised temperature changes was 
diflereut with different gases, and varied with the density. 
Gay Luasac at first tried to draw conclusions regarding the 
specific heat of the gases from these measurements, but aoon 
convinced himself that the variations in behaviour of the 
gases used depended on the rapidity with which theii' tem- 
perature changes were transmitted to the thennometer. This, 
however, is a function of the thermal Conductivity of the gas. 
He, thei-efore, changed his procedure to one which agrees in 
principle with the ortlinary method of mExing. According to 
this latter method, we find the speciiie heat of an insoluble solid 
by simply heating a known weight of it to f, and letliug it 
fall into water at t"", A determination of the linal temperature 
suftices for a calculation of the specific heat of the solid in 
terms of that of water. Gay Lussac caused a current of air of 
known temperature and velocity to mix with a cuireut of the 
gas under investigation at another known temperature and of 
known velocity. Knowing the final temperature, it must also 
be possible in this case to calculate the speciiic heat of the 
gas referred to air. As Regnault asserts, the method is 
theoretically free from criticism, yet involved difficultiys in 
actual execution which Gay Lusgac could not overcome. 

Apjolm "■ and Suermauu^ again undertook to measure the 
specific heata of gases in another way without using a calori- 
mann'a ex- meter, Thcir results were equally unsatisfactory. Their idea 
ponmcLtB, ^yj^g ^^ absti-act a known qumttily i>i heat by some device from 
a gas, and to measure the consequent fall in temperature. 
The devise they hit upon was to allow water to evaporate into 
a CTUrrent of the dry gas. ICnowiog the weiglit of water 

' l'hi\be. M,ig., 13 (IH'AH), :^til and 339. 
* Poifg. Aaa., 41 (1837), 474. 
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Delaroclie and Bemid,* returning to tlie use of the calori- Es|i«Ti- 
meter, obtained tlte first i-eiiUy smxessful results. They caused ^|J,^j,p 
the gas uuder iuvestigation to escape from a bladder into a tube "^^d 
surrouuded by a Vflpout jacket. The tube was coanected to a ^'"''■ 
water-calorimeter contaiainj a metal ^spiral, through which the 
gaa passed and was cooled. The cooled gas was coUectetl in a 
aecoud bladder. Simply turaing a couple of cocks caused the 
gas to escape from the second reservoir and to pass through Ibe 
heating coil back into the Brat reservoir. This could W 
repeated as often as desired, and so a small quantity of gas 
would suffice to communicate a large and easily measurable 
quantity of heat to the calorimeter. On the one hand, the 
specific heat of a large number of gases was measured relative 
to air, and on the other, the absolute specific heaL of air was 
measured, several procedures being employed to obviate the 
uncertainties caused by the radiations of heat from the 
calorimeter to the aurrounding?, and by the conduction of heat 
to the calorimeter from the heating chamber along the con- 
necting tube. Their results were much nearer the trnth than 
any previous ones.'' 

Delarive and Marcet ' later undertook a reversal of Es[)«Ti. 
Belaroche's and Berard's method, yet with bnt alight success. oJ^jI^i^B 
They let a current of gas blow into a calorimeter which was and Mnr^ 
specially protected against any heat exchange with the sur- "^ ' 
roundings. The temperature of the calorimeter was higher 
than that of the entering gas, and the fall in temperature 
caused by the passage of the gas theoretically permitted a 
calculation of the specific heat of the gas rolative to Uie air. 

Eegnault was the first to get really good results. He nognauliW 

elaborated the an-angement of Delai-oche and Herard with the '■"^i"''- 

., TT- . menu. 

greatest attention to detaiL Mia experimental arrangements 

ore shown in Fig. 5. 

The gaa was taken from a oopper vessel of 35 litres capacity, 

' " Aiinales de Chiriiie pur CJuyton de Morv^au," etc, 85 (1813). 72. 
• Experimonis by HaycrafV with tin nppnriitiia even mnre complple in 
principle yiaMed no acr^-iceablc resiilbt (liilbcrt's Aun., 7ti (lHi4), 289). 
■■• Jnn. CAi'm. Phyt., 75 (1840). 113. 
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into wbicli it had lieen previously forced through the tu>»e (fhn by 
inutiDs of a force pump. The copjjer vessel was cuittained in a 
water-bath, ABt'D, whose terap&ratnre was measureii by tho 
thermometer T. while the stirrer m>iq kept the water iu motioii, 
The pressure in the copper vessel was determined by the 
attached manometer c/. The bottom tap k, which was closed 
heriaetically below, allowed him to bring the copper vessel in 
Dommunication with the atmosphere. 

'In all experiment, the gas abut Hp in V, where its tenipumture 
and pre.gsure were known from /and T, escaped throug;h dkiVs 
and the fine reducing valve U ioto the circuit orAya, leading 
to the heating coiL A capillaiy glass tube was cemented iu at I. 
Tlio screw of the redncinp valve U was graduated, and the 
straight edge vw cnado it possible to return to any initial point. 
During the experiment the valve was regulated by hand^so that 
the manometer MM ' showed always the same difference of 
pressure afi. The gaSf therefotv, entered the capillary t always 
at the same pressure, and consequently passed through it and 
the remaining cb-cuit at the same speed, provided the atmospheric 
pressure did not change in the menn time. 

The current of gas then passed through a metallic spiral. 
3 mm. in bore and 10 m. long. This uoil lay in a box, ABCD, 
which was heated by a burner from below. This box, in tmn, 
rested in n larger lead bos GLL"K, which protected it from 
the outer air, and increased the constancy of the temperature. 
The box ABCLi was filled wiih oil, which was constiiutly 
stirrod- The teraperatuie waa measured by the thermometer T. 

Reguault'a most unique device was liis metliod of attaching 
his heating apparatus to the calorimeter. The bath A BCD 
was made to belly out at one phice, and the heating coil extended 
1 cm. out through and beyond this protrusion. The eud of the 
coil is fitted by means of a cork iuio a thin-walled glass tube 
endi[ig in the calorimeter vessel/. The calorimeter was a brass 
pel, in which were placeil three brass boxes rf. There was a 
metallic spiral in each box prolonging the path which the gas 
must follow through the bos. The caloriraeter rested upon 
cork wedges in a protecting mantle. The temperature of the 
water in the calorimeter was mea.^ured with a thermometer 
graduated to ,^fy, and (Mirmitting .2\a ^o ^^ estimated. A 
stirrermoving up and down kept the water well mixed. 
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Wben tlie gBS had ^tas$ed through ihe last box it escaped 
freely into the alraosphere. The cross-section of the ^-pipe 
in the cal'Timetcr t^as sucli Cliat there was no appreciable 
change of pressure nor any expansion of the gas which might do 
work against the atmosphere, and thereby involve a lusa of 
heat.' 

In order to obtain serviceable values by tliis method of 
experimentation, it vras necessar}" to carry out certain accessory 
uieasuretJiunLs with great accni'acy. Iti the Hrst place, thtt 
quantity of gas whicli the copper reservoir gave off when its. 
pressure f«ll from the initial vahie pa to Ihe final value ]>, dnring 
an experiment, must be mi-iiam-ed with the gieatest care. Then, 
too, it was 'necessary to find the moat suitable velocity with 
which the gas should be passed through the system. It tLu 
velocity was very small, the gas hatl time, after its exit from the 
heating coil and Ijefore its entrance into the calorimeter, to give 
off a jierceplible quantity of heat. When its velocity was very 
great, the time spent in the calorimeter was not sutlicicnt for 
the gas to cool to the temperature of the calorimeter. Finally, 
it was necessaiy to carefully ascertain before and after each 
es()eriment what heat changes were occasioned in thecilorimeter 
by ont&ide diatiirbances. 

TiegnauU constructed coils and calorimeters of platinum for 
use with chlorine and other gases which acted on brass. In 
this case the gas was led out of the calorimeter into some 
absorption apparatus, sind its mass determined from the gain 
in weight. For determining the speciJic heat of easily con- 
deneible vapours, Eegnault adopted a procedure which wo 
have already described in the Fourth Lecture. The results 
Kegnault obtained are collected in the following table ; — 

I Lerliic, Uemp. Kciid.. lOG (1&96), IBGO, calla nttBrilion lo tbe fact tLnt 
Ucf^jiaulL'H fihil«mcntH. in Ihia res;anl fire twit nereaBRrily conclusive, ami by 
taking account of n iiliglit xlcvinlioii Avhicli Pcghnult Called etjrmi la zero, the 
HpooiAo hoot of sir comes ont li^ smallor tlisn Eegnaiilt culculftleri 
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Eilhard WiedymauD ^ was able to considerably simpliry 
■ KcgTiault's TiietliO<l hy replaciog his beating coil and caloiiiuotc-r 
vessel by othera of smaller dimensioisa and more uianagenblu 
construction. Thia heating apparatus consisted of a copper box, 
M (Fig. 6), 20 cm, bigli, IS cm. browl, and 21 cjn. long, having 
the protrusion V devised by Eeguault on its ligbt side. Instead 
of tlie he&tiijg coil, it contained a copper cyliinlcr, Ct, 4 cm. in 
diameter and 11 cm. long, packed full of fine copii^r tuiuinga. 
The gas entered through the tube vm, and escaped thuiugb the 
tube 0, As far as 5 the tube was of copi'ver, but the small piece 
(17 mm. long) extending beyond the tip of the protruding part 
of the calorimeter was of German silver, which is a relatively 
poorer conductor of heat. As in Regnatdt's nppamtus, the 
calorinseter was connected with the heating apparatus by means 
of a cork. The liquid in the heating bath was kept agitated by 
the stirrer V, and its temperature was read on the thermometer t. 
The temperature was constant during an experiment to within 
1°. The calorimeter was a very small silver vessel 5.1 cm. high 
and 4-2 cm. in diameter. Inside of it were arranged three 
small vertical silver tubes 41 mm. long and 9 mm. in diameter, 
filled with silver turnings. Passage throngh a single one of 
these tubes was aiifficient to cool the hot gas down to the 
temperature of the calorimeter. 

The use of metal turnings in the lieating chamber and in 
the calorimeter was the most important improvement devised 
by Wiedemann^ The extraordinarily increased rapidity of heat 
exchange between gaa and wall thus obtained made it possible 
to construct the whole apparatus on a smaller and more 
compact scale thau was ].K)ssible for Regnault. A second 
fortunate altomtion in the construction consisted of an arrange- 
ment by which the ti!mi>eTature of the gas could bo measured 

' Fvas. ^<*«., Ia7 (1876), |i. i, 



" Prepnrod froni nicofaol and sulphuric acid ; washed wltii sii][)liuric aciJ 
And polASMUin liydrD-ficlo solution ; doubtlcsa impure. 

' Prd|jareil from COnCenlraled liydrocliloric acid ftin5 absolute alrohQl, 
wusfied vvltli water, liqiieEiecI, drii^d over calcium cblondw, rediBtilJed. 

' From potat^iuDi KuliihMo ajid Cftlcium ethylHuljiliiito; wnahed wllli 
M'utcr nnd diBtiltcd fraiu calciucu cltloride. 

" From potaBhiiini ej'dmde and ralciiim ethj'lsu]]ilifltc. 

"* From t^ndiniQ ncetatc andcAlciametliyliiiilpbate, 
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withoot any appreciable error due dfi radiation. This is 

illustrated by F in the figure. Two tubea are joiaed together 
in such !i wny that Lhe gas first flowa through the inner tube, 
commuuicatinf; its heat to the thermometer insetted therein, and 
then escapes through the outer tube, which serves in this way as 
a protecting' jiicket to the inner tube. (To etimiuate auy ell'ect 
from external currents of air, the tubea are enclosed in a wooden 
box,) Wiedemann used this arrangement cliiefly for measuring 
the temperature of his gas as it left the reservoir. Occasionally 
he used it to show that the gna as it moved from the heating 
chamber was really at the temperaturp of the heating bath. 

Wiedemann substituted a rubljer bladder, Q, of 20 litres 
capacity, enclosed in the large bottle C for the copper reservoir 
of Eegnault. Water flowing into the air-chamber li forced air 
over into C. This in turn forced tho gaa contained in i.lie 
rubber bladder tlirough the apparatus. B atood upon scak^s, 
and its gain in we^ht told directly the volume of gas expelled. 

The remainder of his apparatus pruseutod no unuauiil 
features, x is a bubble counter (sulphuric acid} ; y is a tower 
to catch any spray from the acid ; : is a aliield to protect the 
calorimeter from the radiation of the heating chamber; k is a 
perforated cork supporting the ealorimeter; and ,y is a water- 
reservoir which t'urnighea water at room temi>etatLtre for tlie 
double- walled brass jacket X ann-ounding the calorimeter. A 
LToas-a action of the calorimeter, showing the three silver tubes 
a, b, (■, the gas inlet tube ft, the stirrer r, and the thermometer t, 
is also added to the figure. 

Wiedemann, like Itegnault, restricted himself to temperatm-es 
below 200^ His reaults are collected in the following table: — 

WlEDKKAKil'S VALOia FOH THB SPBCinC HbATS AT COSSTAHT PllESSUKt:. 
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Holbom and Austin * recently so altered the method that an Kxperi- 
mitinl (.empemt-ure of 800" could be used, and so made it possitde JioiLrn 
to measure the apecific heat of gases over a much larger range. '"»i . 
They heated their gases electrically in a niclvcl tube 8 mm. in ' 
diameter nnd filled with turnings. The gas was taken from 
commercial bombs, led through a long drying tube, then through 
the heating tube, nnd into a short connecting tube of porcelain. 
This last takc^ the place nf the cork connection of llegnauH. 
The gas then escapes intoa silver calorimeter containint,' l^Htres 
of water. The temperature of the gas was measured by a 
platinum-rhodium therruoelement (acconling to Le Cbatelitr; 
just before it entered the cftlorimeler. The wires of the thtrmo- 
eleraent were 0-25 mm. thick, and isolated by tlun r[Uartz 
capillaries. The Junction wag pTOtected by a special device 
against radiation from the siJes of the tube, and against hent 
conduction. The gas finally entered a rubber bag contained in 
a bottle, ■ As (be bag expands wat^r is expelled from the bottle, 
and the change in weight is noted. The mean specific heat 
between — 

■20° and 440° C. 

20° „ fi30^ C. 

20° „ 800^ C. 

was delt')'miiii3il. Tlie followiag values per gram fi>r air, nitro- 
gen^and a rais-ture of oxygen with El per cent, nitrogen wci-e 
obtained, Regnault's values tire appended in brackets, Tbe 
values for pure oxygen are calculated from the observed values 
of Ihe mixture of oxygen with 9 per cent, nitrogen and tliat of 
pure nitrogen. 



hL-«l between 


s. 


n,witb 


Oj pure. 


Ai.. 


Air c«Ict- 

N, nnd 0,. 


10* ftnH 200* 
20° „ 440" 
20° „ 630° 
20° ,. 800° 


(f>'243«) 
0-2419 
0^4f)4 
0^497 


0-2255 
0-2.=il4 


(0-2175) 
0-2240 
0-2300 


[0-237.'i3 
0-236ti 
0-2429 
02430 


11-2377 

0-24215 



Holborn and Austin remark that their numbers for air 
and nitrogen agree satisfactorily with Kegnaull's, while Iheir 
' .St'fztin^gbrr. der Sijl. prcuju. AJead^ 1905, p. 175, 
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nuuiljer for oxygen differs considerably Ti-om tliat of Eeguault. 
They conclude, from a control cxperiiiieot wliich they made 
witli air between 25^ and 250''^ that lieguault's value for tbe 
specific heat of oxygen must be raised to 0-220G if the number 
0'2375 for air ia to be taken aa correct. They estimate tlie 
absolute accuracy of their observation as abont + 1 per cent, 
The observed chai]f;e of the speci&e heat with the temperature 
is so slightly gi'eater than + 1 per cent, that the change of Lbe 
speciljc heat with the temperature cannot be determined fmin 
the data given for the simple gases. 

Taking tliis result in connection with, that of Stevens' 
mentioned before (p. 132), we tnay conclude that the specilic 
heats of the permanent gases increaae less rapidly with the 
teinperatnre than corresponds to the formula — 

4-7S + 0-00122/ 

which Mallard and Le Chatelier computed from their experi- 
ments with the crusher. On the other hand, Mallard and 
Le Cbatelier'a former aasumptiou — 

4-8 -I- 0-0006/ 

which Laugen accepted, and whicb Schreber's i-e- calculation of 

Langen'a results altered but slightly, is in agreement with the 

results of Holborn and Austin.' 

As one would expect, Holborn and Austin found that the 

specific heat of carbon dioxide was juaikedly dependent on the 
vLiu-jEifor temperature. Their values (with Regnault's appended in pareii- 
JioxUe I'h'^'^ea) arc collected in the following table; — 



IIDil 



Specific beat at coiutaot 
prewnre betnewt 



SpeciHc lient ppr granj. 



OlMorvtd, 



f^lcnUted. 



20" 


and 200° 


(0-21 G 81 


0-J173 


20" 


„ -liO- 


0-2301! 


0-2312 


2<r 


„ 630= 


0-24'23 


Ol>410 


20° 


„ 800° 


248ti 


0-24 filj 



' According to KftHline'a criticlBm of fit«rei>^ expenmeqtB 's90 Intor), the 
increnae of tlia sp4jt?ilic )ient of tl>t' «iin]i!B gasei, iuidud of being gi-ealBr, is 
redHj flmallor. 
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The "calculated values " were obtaiued from the Ibrmuia — 

r^„,,j = 0-3028 4- 0000,0692( - OOi)Op00.01C7(" 

which, in turn, waa derived lixjiii the actual measurements. We 
can obtain the true specific bents referred to a gram of carbon 
dioxide a.nd at coustant pressure by multiplying by C and difler- 
eutiatiug with respect to i. This gives — 

c,™ = 0-2028 + 0"0001384i - O-00000OO5f^ 

Calling i = —273", we get for the true specific heat at absolute 
zero — 

c = 0-1613 

If, tinally, we replace the gram by the gram molecule as a unit 
of mass, we get — 

(•(„,T) = 7097 + 0-00304GT - OOOOOOJSoT^ 

If we attempt to express the increase of the mean specific 
heat with the temperature between 200° and 800'^ by a linear 
expression, we find that the term representing the increment 
iigrees very well with the number obtftiued by Ljingen from liia 
explosion experiments. 

Holbom and Austin give the following table, coinptiring true 
specific heats of carbon tUoxide at constant preasure dt^termined 
in various ways. In it are given the values derived from 
Hegnault's, "Wiedemann's, and thc-ii' own experiments; also 
values calculated by help of the formula of Mallard and Le 
Cliatelier for the speeiiic heat at constant volume — 

«<»..> = 6-3 + O0006( - 0-00000118f" 

and by help of Langen'a formula — 

f.(o.ii = G7 + 0-002Gi 



'^C. 


lU^gaulU 


tVledMUiin. 


, Mallard cud 
Le Clutelier. 


langen. 


Holbom irHl 

Aiutiu* 





01870 


0-I9&2 


0-I8B0 


0IS180 


0-2028 


100 


0-2145 


0-2 ley 


O2U0 


0-2100 


0-21G1 


200 


0-2396 


02387 


U-2390 


0-2-220 


0-2285 


400 


.._ 





[li'284CI 


0-2450 


o-asn-i 


600 







0-3-230 


0-2C90 


(J-2678 


soc> 


— 


-^ 


O-aOi*) 


y2H20 


0-2815 
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lirul at 
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If we efitiuiate tlie accuracy of the numbers giveu in bhis table 
tor 600" and 800°, on the basis of the limit of error given by 
Holborn and Austin, we fiud that it is too small to justify aiiy 
further discuaston of the deviationa between the numbera given 
in the table. 

Recently the specific heat of water-vfipoiir at the constant 
pressure of one atmosphere has been stmlieJ by Holborn and 
Henning' up to 820" G. in a similar manner. The calorimeter 
through which the steam, superheated to temperatures between 
370° and 820", passed was maintained in the neighbourhood of 
115" C. in order that the steam should escape withaut condensing. 
Thus, contrary to Eejnault's procedure, the specific heat of the 
water-vapour was found directly. Only the specific heat 
refeiTcd to air was determined. The relation of the mean 
specific heat of one gram of water-vapour at the constant 
pressure of one atmosphere to the specific heat of one grain of 
air at the same pressure, was found a« followp ; — 

between lir nnd 270^0 1-9-1:0 

lll>o „ 440'' a ... ... 1-958 

110" „ 020" C 1-946 

110' „ 830" C 1-998 

If the mean specific heat of air (per gram at cotistant pressure 
between 0* C and f C) is assumed to be — 

(a) ct =fti(l +000004^) 

or 

(5) tfj = e^{\ + 0-OOOOS„y) 

then we get for one j,'ram of water- vapour from tlie above 
de teruii u ations — - 

(a) c, = 0-446(1 + 0-00009fl0 

il) c, = 0-441(1 4- O-OOOUbO 

The^e et^uations referred to the mol as unit have already been 
given on p. 126. 

We cannot dwell upon the investigations of the effect of 
pressure on specific heat at constant pressure. According to 
the results of Lussana'^ and of Amagat,^ it is certain that the 

' Hoibuni aiicl Ileuniiig, An}i, dr^r Phj^ll-. (IV.), l« (1905), 7.^9, 
a Liiasann, ForfseMUfii'r flyni/c. i. J, 189(3. ji. 345, m.([ i. J. ISy?, ji. 331. 
" Amngn^Comj//. IteuiL, 122 tl83C),(tG iini] 121 ; ramp, alay Wilkowaiiy, 
Ft.fhehrille dtr i'htjSfk^ i. J. I^OtJ, p. 343. 
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effect of pi'essure becomes less the nearer the gas approaches 
an ideal gaa ia its behaviour. We therefore Uud tliat pressure 
has a very alight iuHuence even at ordinary teinpeiatures on the 
so-called permanent gaaes, nnd in the easily condenaible gases 
the efl-eiit of pressure vaaishea as we approach the high temper- 
atures at which gas reactions mostly take place. 

Joly ^ has undertaken the direct determination of the Joly'B ex- 
specific heat of gases at lower temperatures at constant volume. P*"™**"^' 

The principle of his method is as follows. A metal vessel ia 
hung by a fine metal filament from the pan of a delicate balance, 
and its weight determined. The vessel hangs freely In a canity 
through which a rapid current of steam from some sort of boiler 
may be forced at any desired moment. As soon as the weight 
of liie vessel has been Hscertained the steam is admitted. When 
the steam strikes the cold metallic vessel, it condenses upon it 
and heats it with its heat of condensation to the steani tempera- 
ture uf 100\ Further condensation does not take place, bocaii.se 
the vessel, being freely suspended in a space filled with steam 
whose walls are kept constantly at 100,'' can lose no heat Ijy 
radiation. The vessel becomes heavier because of the water 
condeufied upon its aurfaoe. This increase of weight rapidly 
approaches a pennanent maximum, and may be readily deter- 
mined, U permits ns to find directly hon' much heat is 
necessary to raise the vessel from its initial tempemturo to 100°, 
since the latent heat of the vaporization of water ia known. If 
we first n.se the vessel exhausted, and then filled with gas. the 
difl'erenco between the two increments of weight gives direet-Iy 
the quantity of heat ueeeasary to hejit the enclosed gas to 100°. 
Hence wo get the specific heat of the gas at constant volume 
between this iuitial temperature and i(>0".* 

This method may very well be used to teat how much the 
specific heat of a gas at conetant volume depeuda on the density 
of the gaa. Foe this purpose it is only necessary to use a gas 
first at a small pressuit! and then at a greater one, Still, it is 
impossible to determine the values at high temperatures, which 
ore of special importance to us, with a steam calorimeter. 

1 Joly. PUL rni-ia., 182 C189^), 73. 

^ Air, 'C&rbun dioxide, nnd Iijtiro^n were inve,stigiitei]. For a criticism of 
these rtsidifi, see WUlluer, ■* EspcriiuenUlphyBik," vol. ii. (Leipzig, 18&(J) 
p. 53e. 
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Ajipflreutly no ono hfls ever tried usinj,' a higher boiliu^ 
substance than water, 

Let us now proceeJ to a discussion of the indirect iiiethods 
of measuring the specific heats of gases. The oxploaion method 
is of especial interest to us. We have already discussed in the 
previous lectures the results obtained by this method, and have 
iu part explained how the measurements were uiade. 

Historically, it is to be observed that Bunsen ' first measured 
the pressure developed in the explosion of gases, He used 
explosion mixture? of oxygen and hydrogen, and of oxygen, 
hydrogen, and carbon monoxide. Tliey were contained in glass 
tubes 8'15 cm. high and 1'7 cm. iii diameter, sealed at one end, 
and closied at the other by a plate resting freely upon the 
aperture. The plate ^was loaded according to a method long 
used for the technical testing of explosives,^ and the maximum 
load was determined which the pressure of the explosion was 
just able to lift. Knowing this load and the size of the open- 
ing of the tube, the pressure of the explosion could be cakailated. 
If a part of the gas had already cooled off somewhat before the 
explosion had traversed the rest of ihe ga.=<, the pressure would 
be i'ound too low. In order to obviate this danger, Bmisen 
ignited his gas with a chain of sparks along the whole length of 
the tube. 

Bunsen's determinations of the explosion pressure may be 
improved by the use of some kind of h self-regiatering manometer 
nttauhed to the explosion bomb. The so-called "indicator" is 
an instrument of this kind, and is often used nowadays in the 
study of gas and other explusion engines. 

The indicator consists of a cylinder connecting with the 
explosion chamber. A piston slides with as little friction as 
possible inside the cylinder, carrying with it a pencil-point. 
This pencil-point tegisttira the moliou of the piston upon a strip of 
paper which glides rapidly p^st it. The piston is pmshod along 
the cylinder by the explosion pressure against a standardized 
spiral spring. We get iu this way a record on the paper of the 
static pressure. There is a difficulty involved in the application 
of this methotl to those explosions which are used for measuring 
siJCciGc heats. The explosion must take place vury rapidly, iu 

I Pwig. Ant^., 131 (1807), p. 161. 

' Qnltrrninn, S^piotiviUoff. Draiuiseliweig, iSbCh 



order tliat the bent loss, before the expl'.'sion is coiO[j!eteiJ, may 
1>e as small as possible. But when the pressure changes very 
rapidly, the pencil-jtoiDt, because of the momontmn of the 
moving parts, describes oscillatory motioos, mid writes a wavy 
instead of a sraootli curve for the static pressure. It conse- 
quently requiies some gi"aphic trentiuent in order to get the 
true Value from this curve. 

A Second methixl of measuring explosion pressures is based Meuauw 
on the effect of impacts. The piston is allowed to he thrown a -^1!^^^^ 
short distance by tlie action uf the explosion, white a pencil- 
point attached to it \mtes upon a moving paper. In this 
way we get a tmjeclori/. and from it ctne can determine the 
distance traversed by the piston in successive fractions of a 
second. The differences lietween these distances uieasure the 
acceleration which the piston ex|wrienced, and ciuisequently the 
force which acted upon it. The ma.'iiramu acceleration tells us 
the maximum furce which the exph^sinn has exerted. The 
quotient of this force, di\iiled by the area of the piston head 
upon which it acteil, represents the maximum force of the 
explosion. 

Mallanl and Le Ghatelier used the first of these methods; 
Vieille and Berthelot and Vieille the second. 

Berthelot and Vieille' carried out their experiments in Expcri- 
raetal bombs of varioug sizes (Oli, To, 4 litres). The bombs jj^tjip^ut 
were pnivided with an accessory tube in wliich moved a well- '^^lLlVieilI^ 
iittiug piston. The pfucil-point wrote n[*on blackened paper MallarJ 
on a revolvin" drum. An electricJillv tiperated tuainK-fork '^"'^^ 
traced its vibrations on the samp paper, so that a comparison ot 
the linea afforded a knowledge of the distance travelled by the 
piston, and the time consumed in the movement, While 
Bunsen set off his gas by a chain uf sparks extending the 
whole length of his esploaiun tube, Berthelot and VieiUe 
exploded their gases at butoue end. Mallard and Le Cliatelier'' 
used a cylindrical bomb of 3'8G litres cai»auity, and igniteil tho 
gas-mixture by a spark at its centre. This was decidetlly Ijctter 
than Bertlielot and Vieille'a method of igniting at one end. 
They obtained, by means of their pressure indicator, a curve for 

' Comp. iiend., DJJ ,I«Sl>), r2l!«)j M (188J), llli, 1218, i:j58. Aaa. cAim. 
phj/a., 4(^188ftX la. 

= Ann. del Mi»tM. A (iaH4), 379. 
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ilii_' static intsssiire fmiii Llio begiutiing of ilie cx|iliisiitti till the 
bomb liad eiwled oft*. Tliey wmld deterniine tlie rato ot cooling 
of the gas-mixtui-e from this curve, and eouM therefore apply 
A correction of the nhserved miiximum pre^,4urt! to account for 
the slight amount of heat whieli the gas lost during tlie process 
of combustion, and which consequently ctmtributed nothing to 
the rise of pressure. In Vieille'a method it was only itassible 
to dctertnine this com'ctiou indirectly and iuiiompletely. 

Clerk ^ later performed seveml expetiments, analogous in 

pi'inutple t.i the exj^ieiimeiils 
uf Mallard and Ly Chatelief, 
with a cylindrical bomb, a 
spark igniter at the Imttoni, 
and a steam-engine iadicat^r 
to record the pressure, 

Langen^ employed tin; 
most highly i>erfected ap- 
jiamtiis of this tyf*, He 
used a spherical exploaitm 
bomb <if ateel with a cajiacity 
of 34 litres, thus reducing' 
the Ins.* of heat duriny com- 
)]UHtion to n miuimtmi, The 
gaa "wiw electrically Igniteil 
Ht the centre of the U)mb. 
The losj* L>f heat during com- 
bustion, and consequently 
yiQ Y the corn^Ction to be applied 

to th^e maxinimn ]ii"e3sure, 
was smaller in this lai-go apjiaratus tlmn befoi-e, and at the 
sauii? time the gas c<j«iled off moi*e slowly, and comtequently 
tlie conecti<.>n could Ix* nitJif easily determined. 

His bomb i? illustrated in Fig, 7, It is enclosed m a large 
veseel thmii*rh which water ia kepi flowing. The btunh may 
be evacuated tlu-ough a cock attached t« its lower pait. Tlie 
cuver of the bomb has three opening — one for leadiug in the 
gas to bo studied; a eecond for attaching an open, two-aiined 

I DiipiilJ Clerk, " Tlie Gi»« nud Op Kname." Lymlyii, 18^7. 
< " MittdlHitgeii iilier Forschuii^^surlKitcu aua dctii Ucbictn tivH logenitur- 
wewDa" (Berlin, 1903), Heft 8. 
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mercuiy luaaomeler; the tliinl Ibi- aUacluDg tliL* iiiditiutur a, 
which was practicallv identical witli tlie common and widely 
known instrument of commerce. Its jieiicil recoixied the stattc 
pressure on a drum, whieh revolved at a regular but adjustalilo 
velocity, Tlie electrical contacts c and f were so an^augeil that 
by jire.'jaiug a button the recording u|)paratus and the aipparatus 
lor measuring the vel^icity i>f revolution of the drum wera 
simultaneously ipitarted, and directly afterwaitls the apark igniter 
was made to act. The purix>se of the meicury manometer was 
chiefly V> tneasure the initial pressure before explosion, aud 
the tinal pressure after the exploded yaa had completely 
CLiuled off. 

It cannot Iw denied tliat measurement of pressure with 
this apparatus presents no serious difficultiey. The correction 
fw the maximum pressure applied by Laugi^n is, perhaps, sus- 
ceptihle of some impr>vement, because, while the heat conduction 
by the walls was corrected, the heat radiation was not.' 

This correction, however, amounted to only a few per cent. 
in the esi^riments of Mallanl and Le Chalelier, and would bo 
even less in these experiments; consequently any inaccuracy 
in it could not greatly iilTect the rosultR. If the reaction pitj- 
ceeda without perceptible dissociation taking place, then the 
calculfltious of the sjiecific heat ofgflBes from these experiments 
by means of tlie gas law (^r = KT) is certainly the simplest 
way to fiud ouc anything about the sjecitic hejits of gases at 
high terai>erature8.^ 

The other method, wliich we have considered in this same The 
connection, makes use uF the cruslier manomettT. UTils method ""«'i"' 
has the advantage tliat we can employ higher temperatures mtter. 
without fearing that dissooiation will ensue. 

The following ligure (Fig. 8) will serve to illustrate this,* 
A charge of high explosive is freely auapeuded in the cavity 



' Compare Neriiat, thtfiiJca!. ZtiUcJir. (190J), 777. 

' Laog^n's experim^cLtH have beeu repeated lately by ilaiLsgiir with n 
rery much smaUer a-ppitralus ("MiUuiliiKg titer Fu^ncbungBaibeituii nui* 
dem Gebiet dcs rD^enieiirwcsi-ii," Heft 2u (Berlifk, li>Ou). The rcmiltA secni 
to ba afTcclcd nerioiiBly hy imperfectneris of iIk> jijipttratuB (see Hal>er, Zeit. 

' Nficli Heke, " SprengBttitfe unJ ZUndung dcf Sprewyschussc," Beiliii, 
WW. 
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A, wlierc it itDiy l>c I'lefitriciilly expludeil by means of the sptti'k 
wires h. Tlie preasum nf tlie explosion is exerted aguinBt the 
Bteel cylinder a, which in turn, presses uikiii the copper cylinder 
r (8 mm, lu diameter and 13 onn. high). The screw d fits 
tiffbtly into tlie lower liefld-piace B', and serves m a backing for 
the copi>er cylinder. 

The great presHurea developed h_v the explosion deform thui 
copiter cylinder. By eompariug this deformatitm with that. 

produced by known bydmnlic 
pressure, we estimate the mag- 
nitiiJe uf thia expkiaiim pres- 
sure. It ia self-evident that 
the chemical coinpositiou of 
the copper cylinders, as well 
its their previoua niechariical 
treatment, must be and have 
been exactly identical, else 
the conipariaon would mean 
iinthing. With this pruviso, it 
a]>iieai;j that, within certain 
limits of pressure, the defurmti- 
lion ( (iji milliraetres) may lie 
repi'e^Buted in terms ^\1 defonii- 
iii|,' preaaure p (in Iviloyrams) 
by the expression — 

fi = tt ^ hf 

where a aud h are coiistaiita wliicli may t>e detenu iiie*! t'rwiu the 
bydmultc meBiSurcnieDtS. 

But, aa Satrau atid Vieille^ have sliowti both theoretically 
and experimentally, it is by no means pennissible to put the 
maiimum pressure of the explosion P directly equal to the 
static pressure^, calculated from the observed deformation on 
the basis of the previously detenuiued coustants tt and h. This 
procedure would be correct only where the explosion takes 
place with comparative slowuesa, and when the moment of 
inertia of the piston is cojupaiativcly small. If the ex- 
plosion is Tcry rapid, and the momentum of the piston great, 

' Comp. Itend., 05 (1882), 16, 133, 181 ; aleu 102 (le&G). IC'ul. and 104 
(1887). \im. 
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Tt therefore becomes necessary, if we would calculate the 
maximum presaare of the explosion from the deformation, to know 
how great an accelemtion, if any, the pressure piston expeiiences, 
Sarrau and Vieille give seveml very instmctive examples of ex- 
perioienta in which they were able to deteriuine these accelera- 
tions by attaching a pencil to the piston and causing it to record 
the piston's movements upon a rotating strip of paper, Tbey 
then measuj-ed with a microscoj)e the ilistancea travellyd by 
the piston along tho paper from moment to moment. A few 
uf their numerical results are jnven in tabular form below — 
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' rr H represents the potli nf ilie pwton. - its velocity, aii<l m its maw, 
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tlliit the sum cvPnli rile ncc^-lernffng forcM from n = (1 tn ii = < i<i ttto, an llitit 
ntiil lienfe. since /> = h + /» — 
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tJnder A are placed numbei-s refeJ-ring to a pai-ticular gratte 
of powder called *'C," used iu the Freudh army. The ratio of 
the weight of the powder to the volume of the bomb was 0650. 
(This number is called the "density of charge." It represents 
kilogmuiB per Utre.) The times, f, ai-e multiples of the arbitraiy 
unit of time chosen 0'000317 sec. The velocity of the piston is 
given iu metres per second, and the accelerating action K on the- 
piston in kilograms. Further, under p oie given the preasures 
calculated from the formula a + Je. The sum of p ami K ^ 
represents the total pressure P of the explosion, We see that 
iu tliia case K has a value so small as to be negligible, and 
hence the explosion pressure is ccirreotly represented by the 
formula a + hi. "Wo have here, then, the simple case where 
the explosion develops its maximum pressure so slowly that 
the piston exi>erienceB almost no acceleration. 

Similar measure inents made with gnu-cotton are given under 
B. The density of the charge was 2. Tlie unit interval of 
tinte \s, here 00003242 sec.^ We see that the maximum pressure 
is almost instantly attained here, and the acceleration of the 
piston plays an extiaordinary important ruh: The explosion 
does not push the piston, it )mfh it against the cicjpper cylinder, 
and the kinetic energy of this motion hriugs about a deformation 
of the trylinder greater than an hydraulic press exerting the same 
jii'essure as the explosion could ever produce. 

In oixler, therefore, to make use of any data obtained with 

Asamning with Snrniiiapil Vieille that P lb cgnstatil, liilegraliDii gLveB — 

This limiting formulft tliereioru applies only when the explottion developB 
its maximiiDi presauro F in an inmneiiiiuraljly short prrtOHi uf tiitto, and wlicn 
ttiis pressiiiQ remains constant duriitg the entire though very bri^f coni'ei? of 
tiie |)wton'* moveinient, 

' AccoivJtiigtotlie fuudamenlo] ndew of mechnnice— 






rf*M 



where »ii rcpresontft Uie ntaes, u llic pntii, «iic[ ( Ihe timfl, ^' was dctemiint'i 

grnphtcally from the dia^AmH of the pistou movcirientH, aa almve expiauioil ; 
m. tlint lii the moRS of tlio )>ieton, -vtve. GO grams. 

* The piston wcigJiecl .l-tOl Kg., Imt tin- Mnie reaiilts were oUaitif;.! with 
A iiisloii weighing but 60 grains. 
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such n crHsIier inanometor iu tli© d^diictioriL of specific heats, 
it is esseiitiiil that we know tlie uRtui'* of tlie explosive we 
employ. Apparently no calculations of this sort, other than 
those of WallarJ and Le Chatelier just mentioned, have ever 
been undertaken, although the apparatus finds everyday use in 
the manufacture of high explosives, and the possibility of obtain- 
ing data re^rding the specific heata of gases at high temperatures 
with this apparatus is apparent. It should further be noted 
that surprising cheinicfd facts have come to light In these ex- 
periments under high pressure,' 

We will now cUacuss how the ratio k. between the true The ratio 
s])eeific heals At coustant pleasure Cp and at coDStaut volume C,. ^^Xr"* 
may be determined. Ktiowitis this ratio, wr can obtain the true 
specific heat at constant volume per mol, because — 



'■,. ^. 4- li 



and hence — 



Tlie true specific heat per mol at constant pressure would he — 



ji X 1; 
K - 1 



The determioatiou of the value k for gasea depends upon certain 
phenomena accompany iug an adiabatic expausiou. Thus, if a gas 
ha^) a pressure^' at a volume 0, then after an adiabatic change 
tliu pressure pi and the volume pj, are connected by the leUtiou— 



', or aa it ia usually called in thia connection, the vlensity (rf). 



pxf = pivi' 

If, instead of the volume r, we subatitate the concentration 

1 

r" 

wt) gtt — 

A method oriHinatin" with Clement and Desormes permits PrfK^ciuw 
' SarrauanilVieitle, t'ojiip. fl«irf.,105«IS8"i, 1223, liiul tint llierenciiim— ';"'• 

' I)i».tlB|-'ii. 
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tis to uK'usura the pitissures ninl vulumes before ami after nn 
adiabatic expanaiuu. They filled a Iitrge bottle or flask with thu 
desired gas at the same temperature as the surrounding air, but 
at a slightly higher pressure Pa. Or sometiiiD'eB they connected 
tbia first tiaak with a second one containing the gaa uuder 
investigation at a somewhat lower pressure. Connection mtli 
the atmosphere or the second flask was eatablisLed by opening 
a stop-cock. The pressure instde and outside, or in the two 
flaaks, was then rapidly equalized. The part of the gas escaping 
into the air or into the second vessel, did work either against 
the atmosphere or against the gas in tlie second vesaet. After 
the pressure was fully equalized the cock was closed, and the 
gas ID the first vessel allowed to regain the temperature of 
the outside air. The pressure P, exigting in this vessel is then 
determined. Since the Lnitifll and final tetiiperaturea coincide, 
the densities of the gas before and after the eipflnsion are to 
one another as. (.be pi-essnres, that 13 — 

(£i : f? = P« : P, 

But the density coiresponding to the final pi-esam-e P^ was 
ali'eady estahlishetl at the end of the process of expansion when 
the cock was closed. For no gas escaped after that, nor did 
the volume change, and consequently the mass per unit of 
volume or the density did not change. The pressure hefure the 
expansion was Pa. We will call It the pressure at the closing 
of tfie stop-cock. K can then be found from the equation — 



P. _ CPcV 



or — 



_ log P^ - log B 
'^ log P„ - log P, 

Thodiffl- Strictly sjieakJDg, the method assumes that the cock is 

x\A- Opened for only an infinitely short niterval of time, and yet 

ineiij.*! that the preaames tnaide and outside are, nevertbeh^as, et[uaUi{$(l 

^[V *■'" in that time. But in practice we caunot be sure that the 

PwwmM. equalization has really taken place when the cook is o]ien for 

but a veiT brief interval, beean.'^e oaciUation takes place dnring 

the first instant the cock is open. Yet if tlie cnck is left open 

fur a perceptible time, heat is given off dnring this interval 
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I froui ihe wulls of the vessel, so tlial the rise of jireaatirp after 

I closin;; tlii' cot-k cornea out tAo small. 

I Cazin ' Iiaa carried out an investigutiuu to determiue howOm'n'ies- 

I long one must wait in order that these oscillatiuna of pressure 

shall have just ceased. He closed tlie ccxik the very moment 
ibis couilitiou was reached. lu tliis way he gut the following 
values :— 

Oaa Air 0, N, TI, CO NH, CO, N,0 SO, C,ll, Ether 
« 1-41 1-41 1-41 1-41 1-41 l-32fl l-2fll l'-^85 1'262 1-257 1-079 

All the values refer to ordinary temperatures. Some of tlie 
^ses did not possess the desireil purity. Ethylene ia, for this 
reason, especially uucertain. 

tt is clear tliat beat cnmmunicated from the walls is moi-e 
dapgeroua the sumller the vessel oue uses, for just so much 
more unfavouruldi* dix\s the ratio uf aritu to volume become. 
Cazia was mindful of this, and u.'tefl vewiels of 30 and GO litres 
capacity. 

We must n include, however, fntui ii critical discussion ofRoiitgeu'* 
Cazin's resnlta hy Koiitgen, that he left the cock open too "j^^" 
long, and consi'tjuently ^mL Loo siiiall (iual values, llontgen^ 
nmterinlly improved the metluHl, usin-^ a vaasol of 70 litres 
capacity, and a very delicate manometer. He determined Iwtli 
the initial pressure Pa. the pressure iS after u brief opening of 
the cock, and the final iiressuro P^ He applied a special 
coirection for the heat communicated to the gaa by the walls of 
the Haak. He ohviiited the effect of oscillations of pressure liy 
the arrangement of bis manometer, lu this way lie got the 
very accurate valuea for — 

Air= 1'4053 
Carhon diuxide = 1*3052 

tit iknUnoty temperature. The high thermal conductivity of 
hydrogeu vitiated the i-esiilta obtained for thi^ gaa. 

Maneuvrier/' partly in collaboration with Fournier, Maner. 
attempted a so'mewbat different procedury, He compi^essed '""•;''■ '"** 
the gaa contained in & spherical vessel of co. 50 litres capacity 

1 CsEin, Jul. Chim. fApi., Hi. tC (18C2), 243; see ftJiio ir. 20 ^1970X243. 
» /"csff. Ann,, 148 (187.11, &8o. 

■1 Ann. Cfiim, fhyt. [7) G (IHdb), p. 321 ; alw p, 377. wlwre d wW» is 
gtven »1iowtiig 4il1 previoiiB VAlneit ttt k. 
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by the rapid imiKict of a piston. The volnme cliange may 
easily derived from the area uf the piatou-keaJ ami the distance 
it travels. It is easy to calcalate what the change of preaaure 
would be in an isotJierinal compression of the same magnitude. 
The actual pressure change is measured by means of a hy^lro- 
Btatic manometer, which Is pnfc into connection with the com- 
pressed gaa for a very brief period Just after the compression 
has taken place. The opposing pressure on the manometer 
may be varied, and ao, by repeating the experiment often 
enough, that pressure* may be found which juat balauees Ihe 
pressure developed by the gas, and hence allows no movement 
of the manometer. By carrying out the esperimeut with 
diffeient volumes, and consequently difibrent changes of pressure, 
a curve may be obtained from which it ia poMsible t« L'ompute 
the ratio between the adiabatic and isothermal change of 
pressure for the limiting case of a \'ani3hingly small change of 
volume. This ratio represents, accoi-ding to the theory, tlio 
value K — 

In this way Maueuvrier and Foumier' found — 



Om 



Air 
1-S95 






If; 



Liimincr ^e owe to Lummer and Pringsheim still another method of 

X'Sm™!- using i^n adiabatic process to determine the value of k." It 
(WTJraonis. (Jiaponds on the evaluation of Ti, T^, pi, and pa in the adiabatic 
equation — 

K-J 



whiob merely rejireserits a trans formal ion of the expression 
jji-cviously given, Lumraur and Pringsheiiu filled a vessel of 
yo liti-es capacity with a gas at kuo^s^i tempemtiire and a 
known preaaure, which exceuiled that of the atmosphere. They 
let tho exccas presanre blow oil' at the right moment through a 
wide orifice. While the older methods were very seasitive 
toward a prolonged opening of the cock,, their metliod has the 

' Comp. Jteuii., 123 (_IHW). 22B, and 124 (181)7), IR-t. 



greftt advantage that tlie cock can be loft open as loujj as 
desired. A complete equaliznfcioQ with the atmusijheric 
preasure is thus made certaiu, and the final pressure is the 
atmospheric pressure. All now depends on det.erniiniug 
quickly enough the cooling in the body of the gas incident 
to its eij^wmsionj and to find its value free from any disturhing 
effect due to the transfer of heat from the walls of the vess&l to 
its interior. Lummer and Pringslieim solved this prohlem Uy 
arr-aiiging a platinum wire of the very greatest tenuity in the 
centre of the gas, and using its change of resistance as an 
indication of the temperature chaoge. Makower' modified this 
asfflngutnent slightly, and measufed the ratio of sj^citic heats of 
steam a few degi-ees ahove 100*^, nsitig a vessel Containing but 
9'3 litre*, having first ascertained that eveu with this size ves-sel 
the effect of the heat transfer fiom the walls was slight. His 
value is appended to those of Lummer and Pringslieim in the 
following tahle : — ■ 



Air 

Oxygen* 
Carbon dioxidL- 

Hyilropjii ... 
Water- vnponr ... 



... vi(nc, \ 

... r3fl77 I 

... Iti'kM'. 

... 1-40HJ J 



Timpenturc. 



15= (about). 



1-305 ± OHKG l(^° (About). 



The values of Lummer and l^rLngahpim are recoguized ns 
being especially trustworthy. 

AIL the methods ao far describeil have employed but a single Eipori- 
adiabatic change of the gas, In order to measure accuratoly the jjia'jj*,"'^ 
changes thus induced before the transfer of heat shall have 
altered the adiahatic conilition, it is necessary to use large veaaels 
and large quantitiya of gas. To obviate this diRiculty, Afsmann^ 
pru|xised studying a rapid periodic adtabatic change. MiiUer," 
at 0. E. Meyer's suggeation, has carri«d out a great number of 
determination 3 according to Afi^mann'a principle. He used a 
U-tube of about 4 cm. bore which contjuued some niercun-, and 
at the beginning was open at both ends. By lilting the tube 



' fkH. Moff. (6) 5, I!»03), p. 2:13. 

' Coniin<?rcial us>^ti from a. bonili, It probnhSy conUiiied 9 per cent, 
ikitrogei). 
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momentanly in tUe plane of Ibe U. ns^cillations were set up iu 
the mercury, whose period Mailer measured to within a 
tbousaadtb of a second by means of an electrical re&ordiug 
devieo. In tbe cases be studied the period was usually about 
^ secoftil. Tbe mercury came to rest after some 50 auch 
oscillations. If now a glass globo holdiog somewhat over a 
litre of tbe gas be placed ui>oii eacb arm of the U-tube, we Had. 
ou repeating tbe experimeat, that tbe period of tbe oacillatioa 
becomes shorter. The cause of this is the alternate compression 
and expanaion of the gas in eacb glal>e. Miiller^a apparatus 
showed this difference to be about 01 second. When exactly 
measured to the thousandth of a second, this diflerence permits 
us to compute tbe ratio of the specific beats, provided the 
volume changes are adiabatic. It ia doubtful whether this is 
i-enlly tbe case. Yet the results seem serviceable, even though 
they ait; certainly not so accurate as those of Eontgen and of 
Lummer and Fringf^heiin. 

All his experiments were canied out between about 0'' and 
50*. Carbon dioxide was investigated from O-G** to ^'A^, and 
ammonia from lO?" to SO'T, and yet no change due to the 
lempfirature was diacovered, nUhougb a very acoumte method 
flhould have disclosed one. Such a change was observed with 
several vapours, ajid tbe result obtained with them are placed 
at the end of the following tahle ; yet here tho value of k 
is also dependent on the pressure. 





TempernLure 






TfmpontHEv 




Lrlll. 


illtUTilI, 


K 


liAS 


lrit«n-«l, 


K 




^'C. 






°i^. 




Ah- 


10 to 22 


1-4U5 


fH,ri 


16 to 17 


i-taD 


f)i 


1« to 21 


1-402 


riici, 


■I'A to 3i» 


l-llO 




fl-G to 3.1-4 


1-213:. 


Cil^CI, 


:;4 to 4'J 


1-12 


IH to 41 


l-.Hi)H 


r,i[ 
rii,(^uil 


l&tfl% 


i-a4;t 


HBr 


lU tw38 


\-M]b 


23 


l-UH^l') 


SO, 


li: to .H4 


vi:*; 


i'if,i_'n, 


44 


MW 


to to 40 


\-rii> 


<V!,CI 


:il (u30 


M2S 




•1\ to 40 


MH!I 


i'-,IU('!. 


41! 


i-OBi; 


17 to 30 


1 2IL' 


rn.orif 


ll to 311 


l-US 


i\\ 


ui [0 m 


i5Hi 


iVi^wjl, 


n Iu 40 


1-029 



\*(-ltH!ity 

■ ll' MlllDil 
111 g,\x»f*. 



Now, the passage of sounil through gases geaerates very nipid 
adiabrttic changes. IJesides, obsei-viitlona of the velocifv nf 
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somid may be maile at both low aiid high temiierntures, Tliis 
metliod is, tbereftire, more widely applicable, and also luoiir 
convenient in execution, tban Ibe other methods for determining 
k- so far luuDtioned. 

Aci!onliDg to the theory, the velocity of propa^'ation of a 
longitudinal wave depcmls upon the elasticity t and the den-sity 
d of the propagating medium, aa stated by llie cqualiou — 

^ d 

Ne\Tton put the elostitity equal to tlii' prc-sanre p. La Place 
sbrjwed that la an adiabatic coiiipressioii and expangioa tliti 
elasticity is rtpresented by the product jjic. 

If we replace the density d at the temi^vntuie and pressure 
of the exj'enment by the density at 0' (27^" abs.), tind uf 700 
nitii. of nievcuiy prcRsure (j)o), we have — 



d^d, 



273 






and hence ^ 



T 



Here d« depcads^ only u{>on the chetuical unlure of the gau under 

conKideration. ,^ is a wnatant for all gases, and only the 

values K and T are detenuined by the conditions of llie experi- 
ment. Cunversely, if Tie know k we cpn measure teiuperaturft 
by detenuining tlie velocity of sound- An apparatus for 
measuring the velocity of sound therefore constitutes an acoustic 
thermometer. Conversely, knowing T, we can detenuine k from 
a measurement of tbe velocity of sound. The fonuuta applies 
primarily to the propa^'atiou of sound in an un1iimt«d medium. 
In tuties the friction of tbe gas against tbe walk and the exchan«;e 
ef heat between the compressed or expanded gases and the walls 
create disturbances, the theory of which has been worked out by 
Kehiiboltz and Kirchhoff. Observations have shown that, in 
a^rreement with tiie theory, these disturbauces become smaller 
the wider the tabes and tbe higher the pitch of the sound uaed. 
This is ftgjiecially true when tbe gases are not too dilute. Tubes 
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of 3 cm. bofe show no iioiLioeable devlaLlou It-um cunditioas iu 
a Tree gas. space.' 

Dulong^ was first able tu derive good values of k firom the 
pheiiomeiia of acoustic?. He mad? use of tlje old idea of blow- 
in<,' a whistle in the various gases and detenuitiing the pitch. 
Tlie number of vibrations in the note emitted is piT>j'Ortioiia.l to 
the velocity of the sound. Koowitiy the density of the «*as Udder 
standard conditions and the teiopeifitui-e, the value of k relative 
to air can be calculated. Dulong obtained the absolute value 
of K for air by direct measurementa of llie velocity of sound in 
the opea. Massnu " inadc a lai^'e number of ineasurementB by 
the same method. We have placed the results of both these 
men in a table of Wiilltier's given somewhat farther on. 

The use of these whistling notes is always alfected with a 
sliglituncertaiDty due to the muuthpiece. It has therefoi-e been 
geuerally abandoned in favour of the inethod of Rundt/ which 
permits us to direotly nieasure a wave-length, Kundt generates 
stationary waves in a tube coritaitiiug a little fine dust. The 
dust iu thia "wave tube" collects at the nodcH. each of which is 
a half wave-length from its ueiyhbour, If A is the half wave- 
length, and X the number of half- vibrations which the note 

makes in a ^coml, then — , 

7 = Ajj 

and hecce — ,., , 



A*^ = 



.J.. 



^ 27y ^ j:« 



Kniidt always coinparea I he wave-lengtii with the same tuning- 
furk in the gas and iu air— that ia, always using lli6 same 
('rei[uency,.c. It then fnllowa^if the index L refers to air (Luft), 

that— 



T 



0(1.) 



X', 



The UflO of high notes not only eliminates the disturbing effect of 
the walla, but givea a larger nuralier of noiles in a modem tcdiataucB 
whose mean distance apart may be very accurately determined. 

' For tlie literntiiro hih\ how experiniciiU, eee Sturm {Drude» Ah.k., H, 
CiU04), 823), t-'opipare als" Vieillo'spnperon tbe»elucityyrn«tii]J (" Rtippui'U 
preBonl«eB nu congrSs iutenLotioiiftl de i'liytiique ' (PflriB, liKX)), vol. 1. ]>. ^'S**} 

* Dnlciiiu', I'lnff. Aun., Iti Clft23), 43fl. .■!»«. Ch{>,^. Phrfs.. 41. ll.'l. 

■' Mnwifiiij Jfi.fl. Cftim. /'Aj'.t.t r>3(]85;i), :J77. 

' Ptyj. At<n., tab, 337 and i'.27 (ISGH). 
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Wullnei'' lias executed a series of meaauremenLa at lV and Avmim-r'* 
100°, using tbis acoustic method. He tabulated bis rosults with ^^^l 
those of Duloiig and Mflsson, and we reproduce the table here : — 









Wminer 


Gta. 


MvXoof. 


Sluwn. 








1 






(JO 


liXK- 


Air 


1-405 


I>40ii 


i-40Wr, 


t -4051 3 


Oij'geii 


1-402 


!-4nr. 


— 


— 


Nitrogen 


— 


VMiit 


— 


— 


Hydrogen ... ... .. 


1-3W 


1-40.', 


— 


— 


Carbon, niunoxide •, 


1'410 


I'JtJ 


1-41I3L' 


i';w70 


Carbon dioxide ... .. 


1326 


\-i" 


1-31 i:i 


l-i843 


Nitrous oxiJo 


1-331 


l-i!70 


l-3Hlii 


1-274.5 


Ammonia 


— 


1-304 


l-317'.i 


1^791 


Kthyleii« .,, „. ,. 


1-228 


1 2m 


1-J45S 


1-1089 


Nitric oxidc! ^,. ^.. .. 


— 


i-3;m 


— - 


— 


Mureli pi9 .. 


— 


i-.ii:i 





— 


Sulijbur (iioxida 


• 1 


l-i-lK 


— 


— 


HvdrocbloTic acid 


1 _ 


i-.'i'.i'i 


. — 


— 


Hj-drOgfiQ Eiilphide 


— 


125H 


— 


— 



The ftnirth decimftl tifjure in these results is quite uncertain; 
thti fifth ia wholly so. 

Capstick " has also made inauy determiDatious by tUis Car"';'-'*'" 
method. 






Ga», 



Methane 

Hetbyl chloride ... 
Methyl brtrtuide ... 
MeLliyl iodide 

Kthaiie 

Ktljyl chloride 
Ediyl bromide 
PTojjano ,-, -.. 
n, propyl chloride... 
lao propyl chluride 
Isii propyl bromide 
Metliylcnu chloride 
Cliloruronn 



FormuU. 



(■tl,llr 

flJ.I 

C.H,C1 
r,H«Br 

C'll,»r 
U,H,C1, 



Furmula. 



( 'arbon tetracliturid'O 
Ethylene chloride... 
GthylenQ ... ... 

Vinyl bromide 
Allyl chloride ... 
Aliyt bromide 
Ethy] formula 
Methyl acetate 
Hydrogen sulphide 
Cftrbon diuxiae ... 
(.'arbun disuEphide 
Siliciam tetrachloride 



C,II,Hr 
C,H,<-1 
^^H,Br 
tlCOOClIj 1 

cn.coocn.' 

CO, 

sicr, 



1-1 3ft 
I 137 

1-134 
1264 

I urn 

1-137 
I14S 
1 124 
1137 
I 340 



■ Witd.AaH.,\ (1878), 321; corrected resnite in Wfiilncr's " Hftndb. 
der Physik," 5lb edit., toE. ii. p. jjia. 

■J Loml-H rhii. Tram., la^. (Ii?;i4), .14 ; nml Tmn*. !i"tjiif Sue., Lvtiilwt, 
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Ihut 

figures at 
higU 

tn»4i. 



TItis " dust fijjure " method may be used even nt tempetu- 
tiires of several hundreda of degrees. Kuadt aud Wiirbiirg ' 
used it near 300° in a celebrated research where it was wished 
to determine the value of k for mercury vapour. The airangie- 
meiit of their apparatus may U; easily seen how Fig, 9. 
Strecker^ later used the same method to detirmioe the ratio 
of tlie sjiecific heats of iodine, bromine, chlorine, and a series of 
compounds containing other elements, We see a glass tube in 
the figure ahout a metre lougj closed at both ends and clamije<i 
at s. This 13 the "sounding tube." The point a is about 
30 cm. from ita left-hand eud. Its riybt-haud end is tirmly 



;3J 



FlQ. 9, 



attached to the gloss tube, about 3 cm, wide, iu, which the gas 
to be studied, as well as a little finely powdered silica, is con- 
tained. Itiside this so-called "wave tuby " there is another 
lube, ojjen at both ends, iu ■which the wave trgures are formed. 
Ajj inner tube of tliis kind is uect'ssary, for the vibratioos of the 
glass of the outer tube interferes with their formation there. 
Tlie left-hand end of the sounding tube projecte at * into 
another glass tulie. J.-, closed at tht.* opposite end, nnd containing 
air and lycopodium powder. This tube serves as a comparison 
tube. The heating upparatus in which the experimental tube 
is contained is really nothing but a lai-ge air-bath heated by a 
row of buQsen burners. It lias triple walls and floor, K|, Ka, and 
Kb, with correspoaditig covers, D, D* and Da. Thermomet«ra 
are imro^loced tbrougb the end walls at r and t. Atongaide 
the wave tube is an atr-tbermomoter, L, with a thin sLeiu f. 
When the sounding tube is nibbed to the right of 4 with a 

' Vtigg. Ann., 157 il^r.'j), MS. 
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damp clotb, so tliab a longituiiiual vibratioa and a bigh note ara 
pi-odueeil, tlie air in the cuinparisoQ tubu ami the gaa ia the 
wave tube are set vibratiug. Tbe leasth of these stationary 
waves is shown by thu lycopoJium aiiJ silica powiterg. Kundt 
and Warbuij^,^ as well as St^ecker^ take thu value uf « i'ur air 
whicb Rdutgen obtained Id bis above- uienlioDed cxperimeata. 
The acLiurate meoaui-ament of the wave-lengths iii the expcri- 
meatal tube is reticler<^d aomewhat diHicu.U by the tact that the 
gkisa tube contracts slightly on cooling, and the (UstaocB 
between nodes appeara somewhat ahortur tbati it should. 
Strecker found the foltowin-' values : — '^ 



CI, 
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ni 


Btl 


UCI 


HBt 


H[ 


i-a-j3 


\i'n 


VL'y4 


1-317 


!-33 


131)4 


1'431 


i-3U7 
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At high temperatures we can no longer use glass, and Th» 
ijuartx ia not applicable because of the large dimensioDiS "'^I'jf^* r 
nect^ssaiy. This exhausts oui' supply of available transpiureut mt'itBoi- 
substances, and, since we muat see the node deposits in order to '"= '' 
measure them, prevents ns using the method under these con- 
ditions. Nevertheless, tbe acoustic deltjcmiuatious <.>f wave- 
lengths at least ia aii* have been twice caitjied out at temperatures 
up to nearly 1000^ by another muttiod. The method, in each 
case was bnsed on a principle originated by tjutncke. M'heu a 
tube closed at one end is filled with stationary sound waves, there 
is ft wave-crest at the closed end. At a quarter of a wave- 
lenLjtli from tbe end comes the lirst node, and at a distance of 
a half wave-length comes another crests and so on. By using a 
"healing " tube, which may be shoved along the tube contain- 
ing the gas, it is possible to recognize and locate thy change 
from crest to node. Quincke made Use of this pbenouicnou in 
kis acoustic thermometer. 

This acoustic thermometer of Quincke consisted of two 
straight tubes, one a wider interference tube and the other 
a narrower hearing tube. The interference tube waa from 

^ Slrecker'a vulus for cLLariDe In aJmoat exactly idctiLiciil witli l]i« voJiie 
whioh Martini {PhiL Mn^. ib), 39 (1895), U3} nn.I Boiblftitcr ( Weid, Ann. 
(IK81), 5G5)fuUD<l at (Jio satDV lime an>l by nuotlier idcUjoiI a.t 0°. Tliis 
valuD wiLs l-3*i7. Martini me&surii'i tbe lengths of tubea at wliicEi tbe tuli«s 
wbfiu filled with thtj gases were in reoflonancfl. 'I'h'SW k-agths nre iJircctijF 
propurlioDul lo tJic velocity of aound in tbe gUMB. The v^pL'^imcuCs were 
exlctKiral Lo CO^ und K,a ^Beill. Wuxi. Ana-t U.) 
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40-150 cm. long, 1-5 cm, ■wide, and closed at one eud. Into 
this the gLiaa, metal, or clay hearing tube was inserted. It was 
from 1-1 m. long. 4-r> mm. clear bore, and its walls were from 
75-1-5 mm. thick. The hearing tuhe was open at both ends. 
One end was connected with the ear by a rubber tube 1'2 m. 
long, 5 mm. in inside diameter, and with walla 2 mm. thick 
The open end of a sounding box attached to a tuning fork was 
placed before the mouth of the interference tube, and the 
hearing tube was shoved in as far aa possible. If the hearing 
tube was now drawn slowly out, maxima and mimima verei 
observed distant a quarter of a wave-length from each other. 
The distance between any two of the minima uould be read ofl' 
by means of a mil]imetre scale placed alongside the hearing 
tube. In this way the ear was made to take the place of the 
dust figures of Kundt and Warburg* 

Tlie method giveia good results at oixiinary temperatures. 
The observations are more difficult to carry out at high 
lemperaturea. Steveua found the following values for air in 
this way : — 

At 0=> 100° 9.W c. 

* ... l-WOG 1-3993 1-34 ± tK)l 

The ratio of the numbers for 0" and IOC is more certain than 
the numbers themselves. They are given to four places, in 
order to show the decrease of 01 per cent, in the value of k 
between 0^ and 100°, According to Kalahne,* Stevens" measure- 
ment of temperature is in error at 950" by some 27^ and k 13 
conaequently 0*03 smaller than it otherwiao would be. 

It is a aeriuus disadvantage, in using tlie acoustic thermometer, 
that we are obliged to use tuning forks which will keep sounding 
for a long while. Only forks of luther low pitch fulfil this 
requirement. These slowly vibrating forks give very long 
waves at high temperatures, and it is consequently necessary to 
USD very long interference tubes, and to keep them very exactly 
at the same temperature ; which means, of course, increased 
difficulty of experimentation. Thus, according to the diBerent 
tones used, Kundt and Warburg found a half wave-lyngth of 
2 em. in mercury vapour, WuUner a half wave-length of 6"5 cm, 
iu air and Stevens one of 60 cm. in uir at 950". 

Kalfclinci'e Later Kalahne'* employed a "resonance" method originalfd 

t'iperi- 

menu. ' Drutle'ii Aim., 11 (190^), p, 'J3l. ' ibid. 



by Quincke and developed by Secbeck'' and Low''. It is based 
on the following principle. A straight tuhe open at hoth ends 
is provided with a movable piston. The piston head is nearly 
as large as the cross-soction of the tube, and therelbre shnts off 
an air-column of variable length extending from it to the mouth 
of the tube. A telephone is plaoed directly in front of the 
tube's mouth, and its membrane ia set vibrating by an inter- 
mittent electric cun*ent at the rate of perhai>s a thousand ribra- 
tiona to the second. These vibrations enter the tube and set up 
atationary waves in it. At certain definite positions of the pistoUj 
always a half wave-length distant from one another, prououuced 
maxima of resonance are obtained. These ar'e beat observed by 
using a rubber tube opening near the mouth of the tube and 
leadmg to the ear. It is advisable to introduce a Quincke 
interference tube into this rubber tube, thereby dampening the 
fundamental tone and the undertones, and leaving only the high 
overtones, with whiwh the masiraa may be determined witli 
especial precision. 

This aiTangemeut too, according to Kaliihne's experience, 
becomes more difficult to use the higher the temperatoiu 
ButUhne found no perceptible change of k with the temperature 
up to 450^ He found, with Stevens, that at higher tempera- 
tures K beeonies smaller, though he did not find so great a 
difference as did Stevens, Thus, accxirding to bim « decreases 
to but 1-39 at 90U*. and not to 1-34 ; that b, ic only decreases 
by about 0"6-0-7 per cent, of its value at ordinary tempera tm-es. 

To illustrate the applications which this method has found, Low's m- 
we will add the results which Webster Low obtained for aP*^"""^' 
number of gases, nsing it in a somewhat raodilied form and at 
ordinary temperatures. 



Gm. 



Air ... 

UO, 

Ether vapoiir ... 
(Hydrogen) .., 



1-3969 
1-2914 

l-i>J44 
1-3604 



The value for hydrogen is inexact. 

' Seebeck, i'vgg. Ann., 139 (1870), 104. 
» Low. Witd. Ann., 52 {1894), G41. 
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KxticrU Tlie last-mentioii'ed acousLiu forms of the method ai^e not 

Tyi^Bcu ^^y i^ifficult of execiiUojif but limited in application, lor they 

iiuJ involve the use of opea tubes, which at liigh temperatures are 

mwe r'^j^j|j(,|^ij Jo teep filled with gases other than aii-. In this respect 

the method which Thieseu and Steinwehr have just nmioumjud ' 

seems to be a distinct improvement. In this method the 

number of impulses per second reijuiied to set up sympathetic 

vihralion in a closed tube filled with the gas under in vesUyation 

at a given temperature is determined. 

The foi-ei,'oing survey does not include all the researches of 
an experimental nature which have been miide in this Held. 
It doea, however, alfoi-d a complete summary of the methods 
now at our disposal for determining specific hesits. 

It is evident that everything in this field pertaining to high 
temperatiu'es is still in a most unsettled condition. The twenty 
years of quiesceuco which followed the explosion experiments 
of Mallai'd and Le Chatelier and of IJerthelot and Vieille has 
been just brought to an end by the researches of Langen, 
Stevens aud Kalahne, Holborn and Austin, and Thei&en and 
Steiuwehr. 

At the end of the Fourth Lecture we discussed the iwasibility 
of deducing the specific heats at high temperatures from 
equilibriimi measurements. Regnault's method as amplified 
by Holborn aud Austin, the measurement of explosion pressures, 
and ibis chemical method offer the best prospects for obtniiking 
accurate results. 

> Z./. Imiru,ne»ieukuutU, i>3 (11K)3), Ui, and 24 C11I04), 133, 




SEVENTH LECTUEE 



THE DETEItMINATtON OF GASEOUS EQUILIBRIA. THEORETICAL AND 
TECHSrCAl^ OBSERVATION'S REGABDIXG KELATED SUB-TECTS 

This last lecture will be devoted to a congideration of matters 
important in equililma determinations, especially at liigh 
temperatures* In connection ^sitli this we slmll find opportunity 
foi* treating many tlieoretical and U?chnical questions wbicb we 
have not heretofore considered. 

We may inveatigaCe gaaeous equiltbria in several ways,' Phyiiml 
If a change in the number of reacting molecules takes place ""^e^'' 
during' the reaction which leads to the ei:|ullibrinm, as, formining 
instance, in the reactions — Ino^iwia. 

2S0a+Oa^2SO3 

we may determiue the composition by measuring the ch/inginjj 
density of the mixture. We became acquainted in the Fifth 
I<ecture with several examples illustrating this method. Again. 
if the colour changes, a-s it does in the disa^jciation of nitrogen 
tetroxide, we may also investigate the equilibrium colori- 
metrically, as Salet'ha-'* done. The Vatanson brothets^have 
realizeil a tbiixl possibility by investigating the velocity of 
sound in nitrogen dioxide and tetroxide, using Kundt's 

I The phfBii^al iiivee ligation of eqnitlbria hy means of HeiiBily <l'et«rmiTiii- 
tion Js Irenled very fnllr bj \\'indisch in "Bestimmnng den Moleknlar^ 
i^ewifliLs" (Perlhi, 18D2), An ts tended biWiogrnphy is giren in the snme 
place, 

* Gompt, Kfnd.. C7 (19C8), 488. 

1 Wiei. .Hnn., 24(I8S5).454. 
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diist-figure method. In tliia way tbey studied the effect of 
chaiigiug pressure oa the oondiliott of equilibrium. 

Physical methods of this soit do not disturb the equilibrium. 
Oa the other hand, chemical-aDalytical methods cannot be 
applied without doing this. For suppose we abstract one of 
the gaseoua const itnonts by means of absorption ; the otiier 
substaacss present will immediately strive to made good the 
lo33. If this re-formation proceeds with any appreciable 
rapidity, our analytical metboils yield worthless results, for 
what we get is not the amoiint of the desired constituent 
aotuftUy present in the equilibrum mixture, but rather that 
amount incj-eased by what is re-formed during the process of 
absorption. The use of an analytical method therefore assumes 
that the velocity with which readjustniont of the etLuilibrium 
takes place has been greatly reduced. 

There are many caaga where a gaseoua equilibrium is very 
slowly attained. For instance, Bodenstein was obliged to allow 
a mixture of iodine aod hydrogen to react for five and a half 
months at 283" G. in order to fully attain an equilibrium which 
had been very nearly attained by heating to a temperature 150" 
higher for but a short while, It is clear that in such a case we 
need not fear any perceptible change of composition if the gaa 
mixture is rapidly cooled to oi-dinary temperature ; and when its 
mixture has once been brought to the ordinary room tempera- 
ture, the "paralysis" of the reaction is complete, and we may 
determine the single constituents of the mixture by our ordinary 
analytical methods, But this paralysis of the reaction by cool- 
ing cannot always be carried out. In the first place, there are 
equilibria, such aa that of nitrogen telroxide, where the adjust- 
ment of the equilllirium takes place rapidly so long as the 
substances concerned remain gaseous. In the second place, 
the readjustment is a veiy rapid one in all cases if tha tempera- 
ture is very elevated, and we are unable to cool the mixture 
rapidly enongh to prevent a certain amonut of chemical change 
during the refrigeration. 

We will consider this matter of velocity gomowhat more 
closely, taking the hydriodic acid gaa equLlibrium hh an example. 
According to the fundamental principles of mass action, the 
velocity of reaction is determined by the difference between the 
quantities formed and decomposed in unit time. We may 
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measure the formation of hydriodicacul fromicnline ami liydrogeit 
accoiiling to the formula — 

la + Ha-*2IH 

by determining the decrease in the conceotratioa of the iodine, 
Ci,, in «tut time. Fur this we get — 



-^■ = i'C„.C„. 



where Cfli signifies the conceutration of the hydrogen and i' 
what tlie change in the concentration of the iotlioe in the unit 
of time would be if we lend in hydrogen in auch quantity that 
the product Cj^ X C^h remained equal to unity, h' is called the 
velocity constant of the formation of hydriodic aciii. The 
opposed reaction — 

2rH->Ia + Ha 



can similarly be representetl by — 






where t" is the velocity ctmstant for the decomposition of 
hydrioilic acid. The two i-eactiona nm contrary to one nnother 
and bring about the chaoge*— 

When equilibrium ia re-ached, the change — 



and- 
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We have previously called tlie expression — 
Cm 
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We see from the 



the equilibrium consta-nt of tlie KACtioti. 
preceding fcrmulre that — 

- = ©* 

TlievDlo- EodenBtein (Joe.nL)h^^ measured these velocity cnnstants. 
rity dI" the jje found the following values for th« velocity crmstant of the 

Furtniithaa . , ■ , 

8.na the formation of liydiiodic ncid, k', and for the velocity constant of 
(Irrom- itg decomposition, h". 
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The velocity constants, and consequently the amounts 
changed under comparable cotiditipns iocreaae ten thousand 
tiinea for a temperature rise of 200'^. ThU ia m agreement with 
the general nilo, according to wtiich a temperature rise of 10" 
doubles the velocity of a reactiou. But our cooling ageutfl are 
sul.iject to certain natural limitatious. If, tli-jn, %ve push, the 
temperature above a certain ^Axii, difiering in diflVreut cases, we 
shall be unftWe to prevent & certain amount of recombination 
taking place during the refrigeration. The mixture of gasea 
winch Are should analyze would not correspond to the equilibrium 
at the highest tempoyaturo, but to one nt some lower tempera- 
ture Mhere the equilibrium had, SA it were, been overtaken by 
the refrigeration. 

We may represent these deductions graphically by picturing 
a case (see Fig. 10) where tlie equilibrium constant decreases 
nith falling temperature. We will represent the change of 
the equilibrium constant by the arbitrary hea'vy line. Between 
a and h our determinations will give the true value of tlie 
constant K. If we raise ttie temperature above the point 
corresiKinding to h„ we find values for K represented by the 



dotted line. Tliey ore too great, for our rate of cooling is too 
sloiT io freeze our gaa, as it were, in an unchanged condition. 
If we lower the temperature tu a point below a, we shall no 
longer ittt&Ju an equilibrium, because now the iBte of adjust" 
ment is too slow. We shonW tlien get any value in the dotted 
iarea depending on the corapositiott of our initial inbtture. 

Views differ concerning the conditions in this dotted area. 
It is assumed that the longer we wait, tlie more nearly do the 




Fin, in. 

equilibrium numbers we olitoin approsimate to the values 
represented liy Ibe heiivily sbadeil curve. 

However, observations have been incidentally made (see Fniae 
Jouniaux's investigation, p. 1-1, footnote), according to which ^^T"" 
it ia sometimes possible to reach a certain point not far from paesive 
equilibrium quite quiclEly, nnd yet not be able to get any "'"*^'^"'' 
farther, even after prolonged waiting, Tliia is oft^n explained, 
especially in the writing of French investigators, on the baais 
of a theory pmponudeil by Duliem. According to this theory, 
n "fnl^e equilibrium" has been attained in these cases, whioli 
is not to be conpidered simply :i3 a 2>!mse in a slow renclion, 
hnt as a friu^ haUimj-jilace of the reaction. The real point at 
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issue is i-eadily seen if we compare our case with the motion of 
heavy masses on an inclined plane of coutinually decreMing 
pitch. The usual view would consider the reaction course in 
the dotted area to be comparahle to the flowing of a viscous 
liquid down this inclined plane. The rate of flow decreases 
the more the pitch of the plane decreases, hut flow would not 
cease till the liquid had reached the lowest point. Dnhem. on 
the other hand, would compare the reaction with the sUdiug 
down of solid bodies ; which, of course, only continues so long as 
the angle of slope exceeds a certaiii limiting value. In both 
cases we can assume that rise of temperature corregpoods to an 
increase in the angle of pitch. Then at high temperature a 
i-eal equilibrium conM always be reached. 

AVhile the exbtonoo of Mse equilibria in this sense may be 
questionable, we may consider their exiatence as beyond 
question in auotlier, For while it is by no means generally 
admitted that a reaction which has ouee started can <»f itself 
come to a real stop before equilibrium is reached, there is no 
doubt, on the other hand, that reactions often do not I'-fjin when 
wc would expect, from the chemical forces at work, that they 
really should. Phosphorus does not change at all in pure 
oxygen at atmospheric pressure, althou^'h it reacts easily with 
dilute oxygen. Similarly, a mixture of hyilrogen and cliloriue 
in equivalent proportions remains unchanged at ordinary 
temperulures iu the dark, If we call the state in which these 
bodies exist a falise equilibrium, then there are very many cases 
which could be grouped under this head. These observations 
concern the ht<ilnuiiuj ratiier than the coufinuativii of a reaction, 
and may well be considered, provisionally at least, as belonging 
to a special class, following an idea of O.Hwa]d, we may 
compare these cases with that of water contained in a deep 
vessel fi-eely atispeuded above the earth. The water doea not 
run out, liecause it must first climb up over the rim of the 
vessel. This nm represents a "passive resistance." In the 
same way, we may suspect that there is a " passive resistance '* 
in the chemical illustration cited, which van't HoH' suggested is 
due to the change in the orientatiou of the molecules which 
must precede the reaction.' 

' " VorloHtingon illhcr tlieoredaolie Cheinle,*" 2ml o<lit,, lil01,vol. i, pp. 
21)8, 209, BTid 223. 



The location of the points a anil b in Fig, 10 evideutly 
depends not only on the reaction stmlied, but also to a great 
extent on the metliod of e3q)eriment which we choose. DevUle'a 
method (p. 158) of allowing the gases from hia flame to strike 
into a tube kept cool by water, pushed 6 toward a higher 
temperature, because it permitted a more sudden cooling. 
Boilenstein's observations with glasa bulba filled with hydriodic 
acid, extending over months at a time, pushed a to a. very 
low temperature, because hy so prolonging the duration of an 
experiment very small reaction velocities sufficed to attain 
e<iuilibriura. On the other Iiand, heating a gas in closed vessels 
is not suitable for following gaseous equilibria to very high 
temperatures, for it la difficult to cool such vesaels rapidly 
enough. Bodenstein, then-fore, did not go above 508" in study- 
ing the dissociation of hydrioiHc acid. On the other hand, by 
lieating a current of gas it is not possible to bring a to such 
a low temperature aa we can hy heating the gas in a closed 
ve.33el. 

These statements apply to a reaction which is unaffected by 
catalytic influences. If we have a solid Bubst-ance at our 
disposal which greatly accelerates the gaseous reaction, not 
only are we able to very greatly lower the limiting temperature 
a, but at the same time we secure an important advantage as 
regards our method of cooling. For if we keep the gas in ihut 
region of temperature where the reaction, velocity without 
the catalyst is very small, but with it ia very greats then 
the equilibrium remains fixed at a eonjilnni lemjjerature. the 
moment it loses contact with the catalyst. The l)ohaviour of 
mixtures of sulphur dioxide and oxygen, and of nitrogen and 
hydrogen, furnish ua with examples of thi3. Sulphur dioxide 
and oxygen easily form sulphur trioxide at 450'' in the presence 
of finely divided phitinnm, until equilibrium is readied. Yet 
away from the platinum this mixture of sulplmr dioxide, 
trioxide and oxygen changes very slowly at tliia temperature. 
Ammonia is similarly formed from llie elements at 1000' in 
contact with finely divided iron, until equilibrium ia reached. 
Yet this gaseous mixture altera very slowly at the same 
temperature if the catalyst is absent. 

Store ftccui-ately slated, eveiy solid substance exerts some 
accelerating action on gaseous reactions. BeacEions always go, 
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re]atively, most slowly in a free gas spare. Yet there is the 
greate-st difference in the catalytic activity of various soliiJa, 

Tlie nature of catalytic action l3 not in all cases clear. Yet 
certainly a great many, and perhaps all of them, may be 
ascribed to intermediate reactiooB. For ■w-Iiile OstwaM,' several 
years ago, very rightly emphaaizeJ that this explaTiaLion was 
merely posaiblf and not mcessary, it is still true that special 
investigations of tlie better-known cases have, in the mean lime, 
always shown this explanation to !« the correct or probable 
one.* 

But it follows from this that the catalytic action of solids 
nil j,'a3es is directly comparable with tlie i-eaotioii nl' solids with 
gases. Many investigators now consider that in aiich hetero- 
geneous reactions there is an eqmHbniim ostablislted on the 
boundary of the two phases (solid to gas, solid to liqiiidj or 
liquid to gas), and that the velocity of the reaction only 
depends on the rapidity with wliich the gaseous (or liquid) 
mixture at tlie boundary can T^plenish itsiilt* hy diffusion and 
convection. In support of this view, Nernsl" has pointed out 
that were there no equilibrium at tlio boundary of the 
phase in a heterogeneous reaction, we should have finite 
differences of force between systems infinitely close together. 
Yet it is clear that finite forces acting at infinitely stnall 
distances must produce infinitely great velocities tending 
towai-d equali^iation. In answer to this, I have pointed out * 
that tliB same consideration wotild uaturally be applied to the 
phenomena of sobttion and vaporatiou, and, indeed, that it has 
already been long applied in this way. It is, as a matter of 
fact, theoretically impossible, on the ground just mentioned, 
for atiy constituent of a gas mixture to be completely insoluble 
in any solid suhstaucu with which it is in contact. If we 
bring a mixture, say of oxygen, sulphur dioxide, and sulphnr 
trioxide in contact with platinum, then Nernst's conception 
would require that we should consider these thi-ee snliRlances 



> F},i/*!kal. Z^tKhr., 3 (t!l02), 318. (Reprifit of his lecture? at the 
NntJirrDTgclien-ersanimliiiig in liWll.) 

- Fur oxftm[i]efl, seo Biwlig and Haber, Z. f, angev. CJiem., IC (1903), 
558. 

= ZtiUiJ^r.f. phi%ik. Ohanif, 47 (1904), fi'2. 

• l^rftfchr./, KitJiU-ad.em., lO (Ifl^^J), ir'H- 
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dissolved, Lo b cei'taiii extent at least, iu the platinum. T!ie 
saoie thing applies to auy other solid, as glass or poreeUin, and 
to any other gases -whiyh we may choose to consider in place 
of sulphar dioxide^ trioxide, and oxygen. Now, we may cer- 
tainly assume that equilibrium exists between a dissolved gaa 
Olid the same free gas outside. But if both the gas outside in 
the gaseous phase and the gas inside dissolved iu the solid phage 
be slowly reacting, then a chemical Q<Xuilibmiiii wilt not exist 
either ou the gaseous or the solid side ol' the boundary layer. 
Each constituent, however, of the syatem on Cue Side of the 
boundary will Ije iu et^iultbriutn with the samo coustitueut of 
the system ou the other side. 

The theoretical difficulty of oonceiving that finile forces Espcrl- 
acting at infinitely small distances equalize tiieinselves at tlie ^"^'^ledEo 
boundary surface, disappears as soon, as we assjume a partition "f yel*- 
equilibtinm to exist between the substances ou either side ufl^^J^^" 
thia boundary surface. The idea of a slow reaction is by no suncoua 
means incompatible with this assumption. Xow, to be sure, 
we have no experimental evidence whatever of such tniges of 
solution. But this makes uo difference with the tlienreLical 
dLscuHsion ; for the sole value of this disouasiun is simply t«j 
demonstrate- the impc'^aibLlity of reaching any h prcoti con- 
clusions i-egarJiug the velocity with which equilibrium is 
u-ttained in the boundary /.one of heterogeneous systems. 

Since theoretical reasons for assumiug au ef[uiLibrium at the 
boundary of a phase are laekicg, let U3 see if experiment fiir- 
niahes us with any information on the subject. Now, Brunner ' 
has siiown in several oases that the rate of reaction in the 
boundary layer aoHd to Liquid actually does depend only on the 
rate of diffuaion. Nernat has be;eu able to show the quanti- 
tative relation of diffusion velocity and amount transformed by 
a very happy treatment of the matter, and Brunner {loc. cit.) 
has experimentally oonlirmed his conclusions. Yet when we 
examine more carefully the cases which Brunner studied, wo 
see that so far as chemical reasons and not diffusion velocities 
are concerned, we could never expect that the reaction would 
take place with measurable slowuesa. For, in every case, they 
merely involved the addition of a charge to substances going 
over into the ionic condition, and the loss of a cJiaiyc by ioaa 
' ZtiiKhf.f. phfjsik. Chmit, 47 (1904), 5Jj. 
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leaving the iouiu coDditiou. We uuiversally liud that the 
simple loss ur gum of a charge takes place " instaataneyusly/' 
so far a5 the uieasuriug instruments now at our disposal am 
concerned. In moie complicated cases, where a "chemical 
chiiQge/' in the strict sense, is involved in the reaction ot the 
boundtu'f, I have shown, in collaboration with It. liass,' that do 
such "instantaneous" adjustment of equUibriam takes placo, 
and that th<:: reaction on the solid-Iiciuid boundary depends on 
the chemical forces at work. 

Nernst's theory of reaction velocity at surfaces of hetero- 
geneity, which Bmaner has cou[irm.ed, thcrofore applies to the 
limttiug case, wheie all the apecilicully chemical inQueuces 
which would make the reaction a alow one are absent. It 
teaches us, Cheu, how the rate of diffusion i& determining the 
velocity when other intluences are excluded, This Is the case 
whenever the dieuiical velocity is very great as compared with 
tJie velocity of dilfusion. Neriist's theory by no means shows 
that the cheratcitl velocity mii4t bo gi'eat as compared with the 
diffuaion velocity, but, iftdeed, when rightly considered, leaves 
tha puint wholly undecided. It would certainly be a grent 
Bimplificatioa if we could Ti •priori neglect the chemical influences 
aft'ectiug the velocities of reactioaa iu boundary layers in com- 
parison with the velocity of diffusion. Hcrr v. Jiiptner,'* fur 
instance, has made use of this assumption in certain numerical 
computations he lias published regarding water-gas. He 
imagines that ou the boundary between caibuu and hydixigen at 
incaadescence the two equilibiia 

U + HaO^tUO +Hs 

exist aimultatieoiisly. We shall see, however, at the close of 
this Lecture, that thig assuinptioPj which requires, that the gases 
shall be in equilibrium, both among themselves and witli the 
carbon, does not hold. 
AppiicM- The question as to vvhat takes place on the surface of a 

«^biii- * gl^'wing coal when exposed to air ^ related to this case. Even 
ilon »f at a white beat coal burns completely to carbon dioxide, when 

' Zeitschr./.phjsilt. Chemte, tlOO-l), 257. 

' "Bt'itrage zurTheorie des Genemtor- and des Wassorgaaos." Sliillgart, 
1&Q4, in Ahrenit !JBLmmliing clieiui«cli«r and cUeiniscli-teibiiiscber Vurtrage. 
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the air is forced over it at high, speed. Yet at eiiuilibriuui 
Carbon monoxide ought to be the chief constituent at all teuj- 
pemtures above 800". Above 1000" carbon monoxide ought to 
be practically the 07t/y oxide present! The important etiect 
which the velocity of the air supply has on the products of 
conabuBtion forms the basia of the DelMck-Fleischer' process 
for the manufacture of wat«r-gas. Wo mny widently make 
two assumptions regarding; the phcootneiion. We may imagine 
tliat the gas mixture formed on the surface of the coal coataios 
Originally carbon monoxide in an amount corresponding to 
equilibrium, but that when the gas mixture has once goL out of 
Contact with coal it reacts with tlie fresh supply of atmospheric 
Oxygen to form the slightly dissociated carbon dioxide, according 
to the et^uatiou 

Oa + 2C0 = 2C0i 

yet this would be the first case on record where oxygeu roacts 
by a prijnary splitting up iuLo the two atoms coustitutiug ita 
molecule. According to all our experience with autoxidation, the 
first product formed when a subatfiuce bui'us coutaius the whole 
Oa moleculo.'' 

In the case at hand the primary reaction would then bc^ 

C + Oa^COa 

and we should consider the adjustment of the e<iiiilibrium tu be 
brought about by the secondary reaction — 

CO^ + C ;* 2C0 

This adjustment would or would not take place, dependiug on 
whether or not the carbon dioxide had time to react. As yet 
we know nothing about the reaction velocities which determine 
this. Still, there is nothing known which conflicts with tho 
view that in a rapid current of air the primarily formed carbon. 
dioxide does not have time to enter into a secondary reaction 

' See in this eoimection«/oum«//. Ga^eleuchtunf/ und Wiu^eri'ertorgunif, 
41 C1^3tl>, 557 (Biinte); 52S (Leybold), Also 42 (18M), 5^3 (LiKlgeJ ; 43 
(1900), 355, 373, 575, 672, 694, 709, 957 (Stmche and Jahodal); 41 {1301), 
3Q3 (bueb) ; 47 (1904), 2(>8 (Flacidi and KoUuer), aad 1079 (Keppeler), etc. 

' See ZaiUchr. / Etfkiroefmmie, 7 (ISN>1)^ 441, 440. In pnrticular, seg 
also Eiiifleru. Weiabet-g Atttox^datitm BtaunsdiWrig, 1904. 
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with the coal a4iJ produce tUe carbtjii luouoxuly "hicli^ weru 
tbere time enough fur the efltablislimeut of equiUbrLum, wouUl 
become the chief coostituent of the gas mixture. 

Reverting to our discassiou of tlie ctitalysis of gas reactions 
by solids, we jiow see that, if the activity of catalysts depenil 
solely on their relative rates of diffusion, the extent of their 
boundary surfaces oiij^ht to be the sole detcrminaliyg factor. 
Observation fails to corroliorate this. The catalytic effect of 
platinum on inixtures of sulphur dioxide aad oxygen surpassei 
that of finely divided porcelain to d debtee which is [j_uitc 
inexplicable on aoy possible assumption rogardiug the relative 
extent of the surfaces exposed. Such cases are uumt^rous. It 
may he remarked that a tise of temperatuw does not favour 
diffusion and catalysig to the same degree. Thus, with the 
Barac catalyst chemical influences may be the determinating 
factota at low temperatures and diffusion at high ones, (See 
Appeudix, No, I.) 

It aliLHuld he remarked that the temperature coefTtfient of 
ditfaaion has been eumpared with the temperature coefficients 
of hetero-jencoua chemical reactions, in order to decide whether 
the velocity of diffusion dillera from the velocity of the chemical 
reaction. lii.sing temperature accelerates diffusion but slightly, 
■while it greatly accelerates chemical reactions. 

In the course of n discussion regarding this point between 
Utideustoiu itud Stock,, the (question came up as to what, in this 
sense, a slight or great acceleration was. Bodeustein considered 
that the accelerating effect of temperature was great when at 
high temperatures a rise of 10' increased the velocity constant 
by 20 per cent. Stock disagreed with him.^ Bodeasteia was 
certainly right, foi' as far ag uur information goes, the eo- 
efficieut of gaseous dii^'usiun increases no more than proportionally 
to the fiqwirc of the absolute temperature,^ that is, for a 10** rise 
of temperature it would increase hy 6 to 7 per cent, at ordinary 
temperature, and by 2i per cent, at 500"*, The inci-eose of tho 
velocity coiiataut, both of gas reactioua and of gas diffusions, 

> ^eififl/(f./.;)Aj/«*.t;ABmie, 50, 112(1004). Compare Berl, ZtUsdir./. 
Auorff. Chemie, ii (1!X)j), 2G7, v/hoHn resulrfi, in ray opinion, fftrour tto 
reaction velocity rntlicr than tho diflTuflion velocity explariatioit. 

» 0. E. Meyer, " Kihetiscbe Thcorie der Giw," '2nd edit. (Breslaii, 1899), 

sioi. 
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becomes amsller as llie tetaperature rises, but tx>th preserve 
appttisimately the ratio of 10 to 1. 

Returning t<i our graphical representation of the matter in 
Fig. 10, wo sec there is still one other way iicagioaLle of deter- 
mining an equilibrioni at ]uv? totnperatiires, to the left of a, 
without actually rcachiug it ; that is, aa Nerost has pointed out^ 
the reaction vflvcrticji may be stujied.' (See AppeuJix, No. II.) 

Norost made observations on the formation of nitric oside Neniifa 
Irotn air at 1538'. He used a platinum tube of 13-5 cm. jj:[^^ 
length, of 0*85 cm. bore, and with walls 0*17 mm. thick, with mination 
wliich to beat his current of gas. Tliis tube was kept hot by trU?"^ ^' 
means of an allentattng current of low voltage. A thermo- 
element was ioserted in the platinum tube, and a magnesium 
tube^ which served to lead the gas out of tte zone where the 
platinum was brightly glowing into a cold tube. When simply 
air was forced through, Xemat got the following results: — 



(fuanilir tfttlr. 


(aitutM). ee-HU. mliiaw. 


1-3 
1-0 


3i'5 p. 0-2 c. OflOe 

HyO 4 0006 

U5-0 0^ 0-0O66 



So we see that in the least rapid stream there was 96 c.c, Roto of 
NO in 1-6 litre, or 06 c.c. per litre. Wlien the velocity was Jj*™!^*^'" 
greater the yield of nitric oxide per litre of air was smaller, nnd oiidB. 
yet the rate of formation was practically the same in every 
case. 

Neroat similarly conducted a mixture containing 3 per cent. Bato at 
NO and 97 per cent air through the same tube ^t the same ^^^^^ 
toraiierature. When t represents the niimber of minutes tif pitric 
required for a litre of this mixture to pass through, he foimd"'^ ^' 
the following quantity, jC, of nitric oxide in the escaping gas 
(c,o- per litre) :— 

i X 

30-0 

44 19-9 

198 8-2 



"Gnlliftger Nachnclilen " (1904). p. 2C9. 
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that is, in the slowest curroot 8"2 e.c. NO remdued undecom- 
poeed. Evideutly etiuilibrium \kab neither reached during the 
formatioa nor the decompoaition. It must have lain between 
the limits of 0'6 ex., and 82 c,c, per litre. The exact place 
"wliare it did lie may be found hy a further consideration of the 
numhera given. 

Wliat we said nbove relative to hydriixlic acid applies also 
to the reaction^ 



naraaly — 



2N0^Na + 0a 



-^=.A'C«o«--A"C»,.Co. 



All concentratioDs may be expressed in cubic centimetres 

per litre of gas, for it does not matter what unit we adopt. 
Suppose that in one case we allow a few cubic centimetres of 
No to form id a litre of pure air. In another case suppose we 
allow a little NO^ in A mixture containing 3 per cent. NO 
and 97 per cent, air, to decompose. Evidently the relative 
atnounta of oxygen and nitrogen change but very slightly 
in each case. The product CnPo^ then remains nearly 
constant. Cnuaeqiiently, we are not sm-prised that the rate of 
formation of N'.), represented by the product //'Cn,,Co^, was 
found to approsimate closely to 0006G c.e, per minute, what- 
ever the velocity of the current of gas happened to by. If we 
further substitute x for the concentiatiou of tlie nitric oxide 
(measiu^d in c.c. per litre) we obtain at tlie temperature used 
in this experiment — 

~% = A-'^ - 00066 ..... (a) 

At &|uitibriHm x will have the particular value x^, and -jr 

will vanish; hence— 

>fc'fl^» = 00066 {b) 

Now we are able to calculate the constant k' from the 
observations of tlie rate of decomposition by integrating the 
kinetic equation («) just given. Nernst found in this way 
that — 

2xa^' = 0030 



1 




That is, when Bqiiililirium is i^eached at loSS", there would be 
37 ex, NO per litre of air. (See Appeadix, No. III.) 

Let us now return to a discussion of those cases where It ia 
poasible to reach an equilibrium by some kaown Bsperimenta! 
axrangement. 

It is evident t!iat we must have some method of telling 
when, or better whether, the equilibrium has been reached. 
By far the best method for doing this is to approach the 
equilibrium from both sides. If we obtain the same com- 
position in each case, we may be sure that equilibrium has really 
been attained. To apply the metliod, we start ia one case with 
the substances on the left-hand aide of the reaction equation, 
and in the other with the substances on the right-hand aide. 
We ought t<] get the same value in each case for the equili- 
brium coDataot calculated from the composition of the escaping 
gasea. We must not, Iiowever, ex|ioct that equilibrium is 
necessarily readied with equal rapidiiif from lioth aides, The 
equilibrium constaut represents simply the ratio of the velocity 
coustant of direct and counter reactions. If it does not 
approximate to unit value, then the velocities of the direct 
and counter reactions will be quite different. 

It ia possible, under certain cironmatanees, to attain equili- 
brium from each side simultaneously and in the same es|ieri- 
mect. A method used by van Oordt and myself^ in studying 
the ammonia equilibrium may serve as an illustration. The 
arrangement of the apparatus is shown in Fig, 11, We see at 
tlie extreme right a flask containing the compound of ammonia 
and ammonium nitrate easily decomposed by heat. The Jlask 
rests upon a ring bent in one end of a straight copper wii-e, 
whose other end ia kept hot by an adjoining burner. A 
constant supply of heat ia thus maiutained, and in consequence 
regular stream of ammonia is developed. This stream of 
ammonia is dried by passing over lime. It then passes 
through a bubble counter, A, containing a movable drop of 
mercury, and into the porcelain tube labelled ems, which lies 
in the electrically heated furnace. There are several wada of 
> ZatKhr./. ativrff. Chemv, 41 (ti}05), \k 341. 
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asliestos in the middle of this tube. 
These bad Leeti digested Id hydrochloric 
ftcid till they no longer gave a teat for 
iron, then istiited in a stream of hydrogen. 
given atiothei- thgi-ougb treatment wibh 
hydrochloric acid, and then finally, after 
washing with water and diyiug. impreg- 
nated ■with some ferrous oxnlaLe and 
placed in the tube. At the begianing 
of the experiment the ferrous oxalate 
was first reduced to metallic iron by 
heating it in a current of hydrogea or 
of ammonia. The gas paased the iroo 
asbestos and entered the Vollhard alisorp- 
tion Haak B, containing aulpbitric acid, 
and soen at the extreme left of the 
figure, without ever coming into contact 
with rubber or cork. A glass sleeve 
, made tight with red lead served to 
~ attach this flask to the outlet of the 
£ porcelain tube. Nt'ar this junction was 
a movable mercury seal such as is used 
in ozone experiments, Belotr it and the 
absorption flask came a bubble-counter C, 
a mercury maaomeler D, and two atop- 
cooks. The purpose of these stopcocks 
as well as the other details of msuipula- 
tion need not be givea here. On leavln^ 
tlie VoUhard flji-sk the gases passed 
tlirough a three-way cock E, a tube F 
iilled with qqieklinie and provided with 
a meitjury seal, and entered the second 
porcelain tube, which was identical in 
ever,' way with the lirat. From here they 
again escaped, without ever coming in con- 
tact with rubber, into a second VoUhard 
absorption flask G, to which a gasometer 
or an experimental gas-meter was attached, 
ill order to measure the quantity of gn^ 
jiossed through the apparatus. 
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In cases where an equilibrium cannot be reached from both ludiwci 
sides, there are several other ways of deciding whether or not ^"^'^'"'^ 
the final cwnclitiun really represents an eqnilibrimn. In theeqaiii- 
first place, the damtioc of the renction may be increiined iu „t(^jne|i 
onler to see whether any further change is thereby brought 
about. Again, one can investigate whether tlie equilibrium 
conatanl obtained ia c^uitc independent of the initial composi- 
tion of the reacting mixture. If these conditions are varied 
over wide limits and jet no change is produced in the equili- 
brium constant, it is reasonable to consider that equilibrium 
has really Iicen attained. Again, if we know the heat of the 
reaction, we may then compute the change of the equilibrium 
constant for a certain motlerate change of temperature, naiug 
the formula of viin't Hoff. if we actually obtain the previously 
calculated value at the higher temperature, it is strong evidence 
that tlie equilibrium constant was correctly determined. Besides, 



Fio. 12. 



if we know the lejiecific he^ts of the substances involved, tlien 
a single correct equilibrium deterniiuation permits us to find 
the free energy for all temperatures and all cora|x»sition9. We 
may therefore, in such cases, u&e observations at widely dilTei-ent 
temperatures to check our results. 

It is often more difficult to further test whether or not the 
equilibrium has been displaced duniu/ the cooling. If our oven 
has a tubular ahape^ we may, with Kcrnst {loc. cit), use tlie 
above diagram in our discussion (Fig.- 12). The gases tlow 
through the tube in the direction uf the arrow. We ag.sume 
that the temperature ( prevails throughout the length ab, and 
that the gases reach equilibrium in this r^ion. To promote 
this aa much as possible, the cross-section of the tube should be 
large, thus diminishing the velocity of the gas. Wherever 
possible we should put catalytic agents in this part of the 
tube. We will further assume that at c there prevails such a 
temperature as would wholly "paralyze" the reaction. Our 
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object then would be to bo r^ulate the How of the gaa and so 
adjust llie length he, that the g;;!-? would pass from ft to e without 
in the least chauging its composition and yet he cooled from 
i-*io. Our first thought is to deci-eaae the ci-oss-section of tlie 
tube at this point to capillary dimensions, and so hasten the 
passage of th« gas through the daugerous region. Using such 
an armngement, one finds in general that the composition of 
the gases escaping at c at first depends on the rate of flow ; but 
when this is increased beyond a certain point, the composition 
remains constant. The natural and agreeable conclusion from 
this is, that at tow velocilies the composition changes in passin-* 
from h to c, hut that when the velocity is sufficiently increased 
this displacenient no longer occurs, and the escaping gasos 
correspond to the equilibrium condition, provided the equili- 
brium condition has been reached Iwtween a aud 5, Yet this 
concludun may well be a wrong one, because we know that at 
high velocities thia last provision is not fulfilled. Most of the 
uncertainty may be removed by trying to reach the equilibrium 
from the other side. In each case the limiting; velocity bi found 
above which tlie cowiiositioa. is independent of the velocity, and 
the equilibrium constants which are then determined ought 
to be equal. But another source of uncertainty atill remains. 
As Nernst emphasizes, au increase iu the vehwiity doc-s not 
necessarily mean an increase in the rate of coulin^. The mora 
rapid current carries more heat along with it, and so prolongs 
the stretch in whicli the temperature is falling fi-om t -* i^ 8uch 
au experiment would only yield conclusive results when the 
ajrpamius is chanticd, as, for instance, by the addition of a 
cooling- jacket, a" that the length of the tube in wliich the 
temperature is falling remains constant in si:iite of the increasing 
velocity. 

This uncertainty is eliminated if we are aUe to use such a 
low tempei-aluro in the region (rh that we may assume that 
the reaction practically ceases when the gas escapes from it 
and loses contact with the catalyst. But with gases at high 
temperatures we must always take the abuve fact into con- 
sideration, for all aubstauces at suHicient high temperature act 
catalytically on gas reactions, 

We may he most certain of our results wlien, as Bodeastein 
did in the case ui' liydriodic acid, we nioaBiue not only the 
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equilibrium cuostant, but also the velocity coaatanta of the direct 
an'l counter i«actiaii9, Fur if iu the equilibrium determiDatiuio 
the jxiiat we find lies out beyoud 6 (Fig. 10) ou the dotted line, 
it will be discloaed very dearly by an abnormal variation of the 
velocity coustant.. 

We will finally mention an iustruclive idea of Nernat's/ 
which will show the significance of the rate of cooling in a 
Bomewhat diPFereut light. We will first assume, for the sake of 
illustration, that a misture of nitric oxide, nitrogen and oxygen 
in equilibrium at 4200' is escaping fmm a flame. The flame 
represents a plane surface, and the gag mixture is moving^ in 
a direction normal to tins surface, and bo auflers a very 
rapid cooling along a very short distance. Let us assume, 
that the cooling amounts to 1000° per rnillinietrei and that the 
equilibrium correspoudiug to CHch tempeniture in every thin 
lamella along the path is instautaiioously adjuBted Then tlia 
composition of the mixture will be decidedly different, cveu at 
a distance of a single millimeti-e from the fiame. The {Mrtial 
pressure of the NO will have sunk to about half its original value, 
while the jiartial pressure of the OKyf^en and nitrogen will have 
increased very slightly to counterbalance this. Difl'usion will 
therefore tend to force NO out of the flame into the cooler 
region, while oxygen and nitrogen, on the other liand, will tend 
to diffuse back into tlie flame. The equilibrium in the vaiious 
layers will, nevertheless, remain undisturbed, so long as the 
chemical reaction takes place rapidly enough lo replace or 
remove these diffused gases, which would otherwise disturb the 
equilibrium. Bui as sooa aa the reaction becomes so alow' 

' " Boltamann-Featsclirift " (Leipzig^ 1903), p. 905. 

^ Tlio iRHtlieTQ&ticdl theory given by Nemst {loe. f:iL) for Uie cniiditioiiB in 
eacli eeparata layer may be eUlcil ab follows: CQnBi>(]«r a liiy^r oT unit 
rolume (1 litre), >n which the masa of tlm nitriu oxide (measured in molB, 
».a. C;,a) experiouccfl a certain iacrease in the time di, wbi'cli may tte repre- 
flOhtod by — 

di 

Siuoe unit muss (in rools) «xertn Itie pressure BT 'wt unit volume (J iiln.') 
(K = O'OS'21 litre atmo&pheree), theu Uie inerement of the pressure in the 
iRyer ib — 

RT X ^ X </f 
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that it can no longer ilo tliis, diffusion forces more aud iiiori; 
nitric oxide out of the flame, and more and mure oxygen and 

SiiHiSaE'ly the td&ss increases in a layer of thicktieas tlx and area 1/ tiy the 

and ill's jpnrtkl pmBGurc of the nitric oxide by — 

mqdx X "^^f X fit 

i^jace thiuincrcAse is duo to difiuBion, those principles apply whicli were 
firtit enunciated by FoiiiiBr (Macli, " Prinnijiieti der WiirnLelehre " (Loipzig, 
1!KX)), p. 83 ff-) (or tliu gondiiution of lieat, and later used hy Kick (,P«/i/," 
.inn., '14 (1S55}, 59) in 1 he- study ordiI1'iii»ion. According to ttieiio priucJplos 
Lhc increase of the partial presBuie pg„ m — 

when D ih the difTuaion conRlaiit. We may heat ^et a coaccptiu'n oC the 

oignificiiDCe of this (liflTiiBiDii coaatanl if we iiuatfine two immflnBfl elosed 
spiicfis at the same tcmpemturQ tiironghout. There ia nitric oxido in one at 
the BiKicey, And mixture of nitTogon and oxygen iu the olJier, both at 
gtraospbcric preaaure. Id tha firut there la nu oxygen or riLtrogoa, in the 
Kecood no tiitric oxide. We join the two Hpnces l>j a tube 1 cm. iuitg, jind 
of 1 sq. cm. croes-scction r Ttia amount of nitric oxide diffusing through in 
ono eecond repreaenta tlio diffuBion conetant. 

Iff tlien, the chemical reaetion dCBtruVa csactly 6S mueli nitric oxidu as 
diffusion hrings to that particular laj'er, then tlie gotiditiun is a Blalionnry 
one. Now, in acuurdniiue with well-kngwij principles, the rale o^dcc-ompu- 
flitioD of nitric oiiide at any gireu tenipcniturc is reprcacnted hy — 

The decrease of ita partial prceeure — 

may then, in so far as it is due' to decomposilioa of XO into tho elernvnlti, 
bo represented by — 

KTqdx X fit (t'c*,o ^ A"e„ x c^) 

This expression must bo eixnal in the st^ilionary condition to the increase 
of the partial preefiuro due to the diS'nti'ion 



I's^*^^:;"'^ 



It therefore follows that 



D^ = nT(AV„-i%, 



X c„i) 



It IK easier to CTaluate the right-hand members of the cqnntion lliou tha 



uittogen into it. Consequently, the comiwsition of the gas 
mixtnre in the cool zone apprnximntea nearer and nearer to 
that in the hottest zone the less the velocity of the reaction 
bocoinea and the shortei- the length through which diffusion 
can act. The diffnaion velocity of gases increoaea rapidly ^vith 
the temperature. It should, accoriliug to the kinetic theory of 
fjaaes, increase with the 1"5 power of the absolute tempcmlnre. 
Actual experiment at relalively low temperatures indicates that 
it actually increases with the 1'7 to 20 power of the abS'Oliiito 
temperature, Thia explains why, in cooling a gas from a very 
high temperature, the effect of diil'iision outweighs that of 
reaction velocity, and makes the composition of the mixtnre 
in the cooling zone approximate to that of the eqailibrium 
mixture in the flame itself. 

We shall now examine a little more closelyj in the light The 
of these observations, the equilibrium attained in the formation iif'^ri'^ 
of nitric oxide from its elements, as studied by Nornst. This oxide in 
equilibrium ia of especial interest, because the temperature at J^^^^f^ "" 
which oxygen and nitrogen react is very high. Xemst matle oxy-ijy- 
use of some explosion exj^rimeats of Bunaen ' to determine i^ij^lea 
the position of efiuilibrium at this high temperature, ooutBininR 

Eunsen exploded equivalent mixtures of oxygen and hydrtigen ^^ 
to which air bad been added, and found the values given in the 
followinfi tables : — 



VDlunii; of ijiji. 
pM liMl niU. (It. 1 



C4-31 

97-84 
22fi-01 



Rmidual *Ir 



96-112 



Tit f rn!. JiO. 



763 



Trnn*ralQir"", 



■»2O0 

L'iitNJ 

3200 



left, be<%U3A the diSndoti comEUnt depends, in iLe fir^t ptece, on the tem- 
perature of tlic gQfl mixture, and, in the second, on tlie compoaiticnn of tlie ga« 
misttire. Similarly tbe jricreaMe im mte of tJic partial press^irc cliango— 



(]cp«Dds on these samfl Viiriablea^ tliongh in a difTeritrit way. 

I " Gaminnelnsclie MethoJen " (2rid cilit.}, p. 7.S. BrnuTischwL'i-i 
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Vtom this Nerijst calculated tlie purcentage of nitrici oxide pru- 
ilnced in the esploaion, Tlie facb that Ihe nitric oxide formed 
reacted with the oxygen to form nitrogen peroxide was takeu 
iato CQusideration in the calculation. AVhen tlus has been 
absorbed we get the "residual air" given by Bunsen Ie the 
table. The formatioD of nitrogea peroxide uses up half a volume 
Oj for everj- volume N0> so tliat two-thirds of the deficit bel weea 
the 100 cu, of air taken and the "residual air" equals the 
volume of the entire nitric oxide pi-oductfd. The tempeiutures 
appended to the table represent tho maximiiiu temperatures 
attained in the explosion. It was, of course, impo^-^ible to 
measure them directly, They may l«i calculated, however, from 
the specific heats of air, nitric oxide, and tlie oxj-hydrogen 
mixture, and from the heat uf formation of water-va-pour and of 
nitric oxide. Neriiat used Langen'a values for thcBO quantities. 
Since the specific heats of hydrogen, oxygen, nitrogen, and 
nitric oxide are nearly identical, and have in addilion the same 
temperature coefficieuts characiteristic of all diatomic, per- 
manent gases, this c^alculation is not so uncertain. It 
naturally makes some difference in thia case what the heat 
loss due to radiation was, and what allowance was made for it, 
but Nemst-' says nothing about il. 

Without knowing more about the equilibrium we could 
draw no conclusions from the numliers given in the table. But 
Nenist's observations iii Ida hot tube at lower temperatures 
^""^"^■sliow clearly that the value 007 for 2200'^ is Biualler llian 
conBsiKtnds to the equilibrium. (See the record of later 
experiments in Appendix, No. V.) Even at 2500° the equili- 
brium is certainly not reached. It therefore appears that the 
exceedingly short interval of time in which the explosion 
of the oxy-hydrogeu mixture beats the air to sometldug like 
2200" dues not suffice for the establishment of equilibrium. We 
could determine the length of thia interval of time if we knew 
the velocity of propagation of the explosion, and the rate at 
which the gas cooled. But neither of these values can be 
obtained directly from Bunsen's experiments, The rate of 

' la r^Brd to the radiation from flBme?^ see B. v. Ilelmhottz, '* tjber di« 
Liclil- und Wiimiefitnililiing verlTCHnendflr GaBB"(pbe cssny preaeiiUjd lo 
t1]« Vereiits zur Bcf^nleniiig Hks GewbrbuliolBsefi in Preiiswn, Derllii, l^Do). 
See flbo, fJernst, PhyaikaHiehe Zeitte/tr., 5 (1904), p. 777, 
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cooLuig depended uu tlie width of the eudiometer tube. It was 
much greater iu aanow than in wide vessels. The velocity of 
propagatioD in the eudiometer wbich he used M'as uot constant, 
but increased as the flame udvanced. We may perhaps aBSume 
that in Buusen's experiuieut the inaxinmm temperature wiis 
inaiutaiued for about the oue-tiiuusaudlh part of a second. Iu 
anj case, it'e may couclude that, uMiig the explosion method, the 
point a (Fig. 10) in this caao must lie at least as high as 2500". 
On the other hand, experiments three and lour lie in the region 
db, where equilibrium ia attained ; for the value of equilibrium 
constant determined by Nernat at lower temiwratures extra- 
polated to their temperatures shows a satisfactory agreement 
with them (p. 106). 

We may here ajiprojiriately disi^uaa the^ pi-eparation of nitric The 
oxide from the air on a technical scjile. (See Appendix, Nob. IV., '•^^f'""'*^' 
v., and VI.) This process, which we may cull the "humiug oftiomif 
air," is of the very greatest technical imjwrtance, because from ^1^^ 
nitric oxide, au-, and water we can make nitric acid, and 
from this tlie nitrates which are of such fundamental iuiport- 
auce in agriculture and the manufacture of explosives. It 
is estimated that the saltpetre Wds of Chili will be exhausted 
by 1940.' No other natural deposits of importaDce are knowu. 
Attempts to fix the atmospheric nitrogen by heating calcium 
carbide and to then obtain a fertilizer which could take the 
place of saltpetre have been auccesaful so far a.^ the process 
itself ia concerned, but is doubtful how far this fertilizer can 
be substituted for saltpetre, and its trarsformation, first into 
ammonia salt and further into nitrates, does not stand perhaps 
on 80 favourable an economic basis as does the burning of the 
air. It 19 possible to get nitric acid by the oxidation of 
ammonia with oxygen, and ammonia may be obtained iu great 
quantities from the distillation (Muiid) of coal. But it seems 
that ibis change is always connecl«d with an appreciable loss of 
ammonia transfonned into mtP<')gen, so that liere t'lo the economi*:: 
basis ia less favourable than in the burning of air, where all that 
is needed to produce nitric acid is air. water, and power, 

Let us now examiine from this theoretical standpoint the TUe 
actual attempts which have been made to effect this oombastion SJ^p*^)^^* 

' Sigfrid KilfitrHm, IVanuictwns fjf the Americaa Ktectrochemicat Baciety, 
?ol. vi. p. 10 {VJOA). 
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nitric acM of the air. The yield of niliic c»xi<ie per unit of applied elec- 
JTectriral^^ tHcal eneTgy is, of course, the ciux of tlie whole matter. 0\w 
energy, Hi'sl probleni wilt then be to rtud how mucli energy should 
be theoretically necessary to effect the combustion. Here we 
may base our calculati'ins oti nitric aoid, for this can be made 
by a sories of spontaoeoQg reactious dii*c-ct!y from uitric nside, 
water, and the oxygen in tUe air, without the expenditure of any 
more energy. These reactions may be collected in the following 
empirical equation ; — 

2N0 + liOa + aq. = 2HN0a aq. 

We will consider the case of a quietly huroing, bigh-teusion 
electric are whose temperature may be placed at sometliing like 
4200^ I'rom our previous equation we see that at this 
temperature the eqailibrium constant must equal— 

_ySO _ ^j.^y 

and il" air were the starting material the composition would bu^ 



TUb caB6 

of the 
hot nn>. 



NO 
10 per cent. 



Oi 
16 per cent. 



Nj 
74 per cent. 



Ten molfl of NO will yield 630 grras. HNO3 with the help of 
air and water, To get this amount of nitric acid we muat^ there- 
fore, heat lOCf mol& of permanent go&es to 4200^ and besides, 

furnish the 10 X 21,600 cal. of heat necessary to form the 10 
mols NO, Of course, we cannot state accurately the beat needeit 
to raise the 100 mols of poimanent gas from room temperature 
to 4200°, yet the formula— 

6-y + o-ouow 

for the mean specilic heat per mol will not be very much in 
etTor. It does not, of conrae, make much difleronce wliether wc 
take U' or 20" a3 our atarting-point. We then find for «r, the 
heat needed to heat the gaa — ■ 

w = 100(6-8 + 0-0006 X 4200)i-'00 = 3,tU 4,400 cal. 

To this WG must add 216,000 cal. for the heat of formation^ so 
that altogether we should have to expend 4,130,400 cal, In 
electrical units this amounts to 17,286 kilowatt secondsj or 



THF^ D£TERAfL\'ATION OF GASEOUS EQUILIBRIA 36g 



4'71 kilowatt lioiira for 630 grms. HNO3, The yield tbeu, per 
kilowatt hour, wouM be 134 grins. HNOa. In practice it is usual 
to take the kilowatt year as a uuit, it equalling 305 X 2-i =: 8760 
kilowatt hours. It fuUowa that the possible yield from one 
kilowatt year would be about 1174 kgs. of nitric acid. 

Let us, in the second placo, aasume that it would be possible The onw 
to have the arc burn at a temperature lOOO^ lower. The nitric ^J^*'"' '^''^ 
oxide concentration at equilibrium would then be but half as 
great as before. The energy needed to heat 100 mola of the gas 
would be — 

w = 100(6-8 + 0-0006 X 3200)3200 = 2,790,400 oal. 

The formation of 5 mob NO would require 108,Ui)0 cal. 
The total consumption of enei^ would then be 3,898,400 cal. In 
electrical units this would be 3-37 kilowatt hours. But our yield 
of nitric acid would only be ^l.'igrma. The theoretical yield in 
tliis case has therefore suuk to 93 5 grras. per kilowatt hour, or 
819 kga. nitric acid per kilowatt year. Lowering the temperatHre 
thus diminishes the possible yield. It also involves iucreased 
difficulty in the subsequent treatment of the gae, for while it ia 
relatively easy to transform concentrated nitric oxides quite 
completely into nitric acid by the use of air and water, it is 
difficult to effect the same conversion with dilute vapours. 

On the other hand, the use of low temperatures offers two 
advantages. The explosion espeiiments of Bunsen eliow that 
no matter how short the period of reaction is made, there would 
still 1)6 time enough for the adjustment of the equilibrium. It 
would be practically impossible to force air through an arc at a 
rate which would exceed tbatofthe explosion of an osy-hydrogen 
mixture. But ex])eriment has repeatedly shown that the equili- 
brium attained at 3200" is permanently paralyzed the instant it 
enters the cooling zone, while at 4200" the readjustment of the 
gaseous system is so rapid a one that a pait, at least, of the 
nitric oxide formed certainly reverts to nitroj^en and oxygen, 
unless some special device be used to increase the rate of cool- 
ing. One advantage of a low temperature, then, is that it better 
avoids the reconversion of the nitric oside. 

Another advantage lies in the fact that the loss of heat 
energy by radiation is less at the lower teniperatore. The 
radiation of heat by gases increases with the temperature much 
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more rapidly than the teratwrature itself. We can get some 
idea of the matber by r^calliiig tbat the energy radiated hy a 
solid body increases with the fourth to fifth power of the 
alisoluEe temperature. Tbe iiiteosity uf tlie visible radiation from 
a steadily burning arc is so great tbat in tbe fraction of a secoud 
it completely blinds the eye. These ray$ are chiefly absorbed 
by the walls of the vessel, and hence their energy is lost so 
far as the formation of nitric acid is concerned. We must 
eyidently take both these points into consideration in design- 
iug our apparatus. 

There is also a third factor to be considered. Any portioDs 
of gas which enter tlie arc a second lime waste just so much 
electrical energy. For since the equilibrium was reached during 
the first passage of the gas, a second passage can do no more 
than reach a former condition, which in the mean time may 
Imve been altered by Ms nf heat or reversioci iuto the 
elements. 

Cavendish wag the first to observe the combination of oxygen 
and nitrogen in electric sparks. Indeed, he was able to prepare 
some milligrams of aaltpeli'e per hour with the modest appliances 
of his time. Hia method was simply to pass sparka through air 
confined over a caustic alkali solution. In 1S92, Sir William 
Crooks showed that a high-tension arc was especially well 
suited to the preparation of uitric acid from the air, In ldU7, 
Lord Baylcigh determined the yield of nitric acid obtainable 
from a SOOO-volt arc burning in a closed vessel of 50 liters 
CapMity, into which a jet of caustic alkali, and a gas-supply 
containing eleven parts oxygen and nine parts nir were led. 
These are the stoichiometric proportions of oxygen and nitrogen 
required for the formation of nitric dioxide. A conversion of 21 
litrea of gas per hour was obtained. This corresponds to a 
yield of 50 grma. nitric acid per kilowatt hour. 

After the problem bad been shown to be experimentally 
accessible in this way, McDougall and Howies' undertook a 
more thorough invest Igation. They burnt the air in a high- 
tension arc inside of vessels of various shapes. They found that 
a great deal depended on forcing the burnt gas as rapidly as 
possible out of the ate and pi'eventing it Irora getting back 

' Memoin nnd Proceedings of the Maiuhe»ier Literary and I'hilmujMral 
Societff (IV.), 44 USOO), No. 13. 



THE DETERMINATION OF GASEOUS EQUILIBRIA 271 

again. The form of veasel they finnlly chose ts illustrated 
m K^-a. 13 and 14. The air eaters the veasel at D at the rate of 
20 liters per hour. A and A' are the elecLrDiIes, and E a glaas- 
covered ohservatiou-holoin the earthenware vessel, MeDougall 
and Howies ohtaiued 34 grms. of nitric acid per kilott'att-hQiir 
under the most favourable conditions, using air. Using Lord 
Kayleigh'a mixture of oxygen and air they obtained 67 grnis. 
McDou^all and Howies instiuctively ascribed their double yield 
from a mixture containing 67 per cent. Og and 33 per cent Nj, 
20'9 per cent. 0.j and 791 Na (air) instead of to innsa action. 
Since the rate at which the nitric oxide is formed is dependent 
r>n the product — 

C^f, X Co, 




Fib. U. 



and since this expression has its maximum value in a raixture 
containing equal parts of both gaaes, it is certainly clear that a 
mixture containing 33 per cent, nitrogen and 67 per cent, 
oxygen will i^eact quicker than aix. But the rate of XO forma- 
tion is quite inconsequential, for iu all cases th 01*6 is time enough 
for the attainment of the equiUhrium. at the temperature of the 
arc. McDuugall and Howlea have therefore overestimated the 
importance of mass action here, just as others have done in 
the preparation of sul[iihunc acid (p. 199). 

One might at first lay stress upon the view that the Guhati- tI)9 
tutioQ of a mixture of one-third nitrogen and two-thirds oxygen eappoBcd 
for air would increase the NO concentration at equilibrium, 
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BuicB the temperature and conaequeutly the equilibrium con- 
atant is not changed. The arc which McBoiigall and Howies 
used was certainly very hot. We shall not be very greatly in 
error if we place its temperatm'e at 4200'^. With aii' this would 
correspoml to a NO content of 10 per cent, ; with the mixture 
containing more oxygen it would correspond to 12'5 pet Cent, 
This evidently does not explain a doubling of the yield. The 
only conceivable explanation from this point of view is that 
■when oxygen is used the equilibrium is " f ro^ien," or fixed, much 
more quickly in the cooling a;onc than when air alone is used. 
But thure is ahsulutely no reason for believing this would bo the 
case. Indeed, with the same rate of cooling, the decomposition 
of the nitric oxide would he decidedly more rapid in the mixture 
where it was the more concent rated, for the rate of ita ilecom- 
position is proportional to the square of ita concentration. 

Tlie matter becomes o little more compreheuaible when we 
note the statement of McDongnll and Howies that in their most 
successful experiments with nir (34 grras. yield of HNOy per 
kilowatt hour} 51-5 per cent, of the oxygen of the air was used 
up in forming nitric acid. Of the 21 per cent, by volume of 
oxygen wliich air contains, there were used — 



In funning NO 3-716 jwr cent. 

In controverting NO into NaOn . . 5\>74 „ 

Tlie coniiMisition of the gas at which the equiHbrium stopped as 
tiie gae cooled, was theiefore — 



75-28 per cent. 



0, 

17-28 per cent. 



NO 

7 44 per cent. 



A reversion from the assumed 10 per cent. NO contaut iu the 
hottest zone to 7*o per cent, is easily credible. By using a 
similar arc and forcing the hot gases directly into a, tube kept 
cool with running water, Brode^ was ablo to obtaiti almost 
the same amount. Muthmann and Ilufer' with similar arcs 
found & 6'7 per cent, content of NO without using ouy such 
cooling device. To explain the increased yiehl of NO in 
McDougall nml Howies' experiments on the basis of mftsg action 

> ''niFiliililfltioiis!5c}iril'l".'tl KarlBrniie (Utfto). 
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would necessitate assumiag that 15 per cent. NO was not only- 
formed but also retaioed in tlie gas, neither of which assumptions 
is at all xjl^iisible. The improved yiold must rather have 
been due to some umntentional change in the arc. Tlie great 
influence of the particular conditions under which the arc burns 
is clearly shown by tlie experiments o£ McDougall and Howies 
on this point. 

Indeed, working under the same canditioas they obtained 
in the same time almost identical aniDuuts of nitric acid, using 
in one ease 17-4 watts per second and in another 302 watta 
(current sti-ength 018 to 034 amp.). 130 watts was tlierefore 
wasted in the second case simply in radiation. If we use 
the fixed arc of McDongall and Howies, we ai-e unable to 
produce long arcs without a large consutnptiou of electricity. 
We get short and thick arcs, in which the gas lingers too long, 
and needlessly radiates its heat away. We could accompliali 
much more if some arrangement were used in which the arc is 
kindled and expinils through a great volume of air, and when it 
goes out L9 quickly kindled again. In tliia way we should 
obtain long, thin, thread-like arcs which would heat every 
part of the air through whicli they pass for nu excessively 
short i>eriod of time. The amount of useless radiation and 
consequent loss of energy M'ould he reduced. At the same 
lime the rate uf cooliug in this way would be very rapid. 
Bradley and Lovejuy * on the one hand, and Biikeland and 
Kyde * on the other, have followed out these considerations. (Seo 
Appendices, Nos. IV., V., aad VI.) 

Bradley and Lovejoy used mechanical, Birkeland and Eyde 
magnetic, means to realize the above conditions Bradley and 
Lovejoy constructed an iron cylinder l'D4 metres high and 123 
metres iu diameter. A steel tube waa placed in the longitudinal 
asis of the cyliuder and was rotated at tJie rate of 500 turns per 
minxite by an electric motor. This tube was connected electri- 
cally with the positive pole : 23 brass collars were fastened 
one above the other along it, Sis metal posts were attached 
to the outer circumference of each of these collars at an angular 
distance of 60° from one another, and all pointing iu the same 
horizontal plane. Each post was tipped by a platinum needle 

' Sithm Ztitschr.f, E/ektrvchvmie, 'J (1903), 382. 

' Ford«taee9^e!(wAr./.»nsm. CAeuiw 18 C1905),217, 
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0"1 mm, in Jmiueter. Corresponding to these crowns of tliornSj 
6 rows of 33 opposite electrodes were led in through the walls 
of the iron cylinder. They were iusulated hy short porcelain 
tubes, and each was connected to the negative pole of the 
dynamo. Eacli of the 23 collars, or crowns, was turned 2'5° 
around its neighbour immediately be-low. Turning the steel 
tube 2'5° about its axis, therefore, brought each needle exactly 
above the place where the corresponding needle of the next 
lower collar Itad been before. The opposite eloctrode^ were 
small platinum -iridium hooka, and whenever a point got near 
a hook the spark struck across and tlie are ■was lighted. The 
rapid turning of ilie axis steadily lengthened the arc till it 
finally broke at a length of some 15 cms. Meanwhile, the arc 
had been kindletl on the points of other collars, and theae arcs 
in tura were stretched and broken. In thia way some GMO 
arcs were formed eveiy second. There were l>etwecn 2o0 and 
300 arcs Imrniiig at the same time. A direct cunrent of 10,000 
watts fed these arcs. It was supplied at a pressure of 10.000 
volts. The heating current was then 1 amiwre and the current 
per arc about 3 x lO'"" ampere. These tiny ciin-ent strengths, 
and the great avemge length of the arcs, uatnrally resulted in 
making the arcs extremely thin. The air blown into the vessel 
could, therefore, only remain for the briefest uiataot iu tlie arc 
long enough to allow for the heating of the gases and tlie 
adjustment of the equilfbrium, but affording much less oppor- 
tunity for recombination or loss by radiation than did the 
appai-atns of McDongall and Howies. Although the appiratua 
makes it easy for tlie gases to enter a second arc and so be heat«I 
^gain, still the yields with this apparatus are much better than 
in the ai-c of McDougall and Howlea. 883 grms. of nitric acid 
per kilowatt hour, or 770 kgs. jier kilowatt year, was obtained. 

Eirkeland and Eyde have devL^ed an apparatus which is 
distinctly superior to that of Bradley and Lovejoy, By its 
means they have been able to obtain a still better yield of 
nitric acid per kOowatt, Tlie principle of tlie apparatus ia 
illustrated iji Fig. 15. An alternating- current arc burns under 
high teosion* between copper poles. A etrong magnetic field, 

' Birkelaisd and Eyde'a mellioi] is in pmcticnl operation at tke works of 
tha Actifcrtclskabct dtt Nm-ske Kvaolatofoompagiii, in Arundtil, Norwaj.-. 
Bradley and Lovejoy's lAetliioil does not appear to lio v.\ operation. 
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from its starlinrt-jxiiiit, so that it is forced outward into semi- 
circular form and finally biokeu off. Oae arc follows the other. 
Tliose belonging to one phase of the alternating gurreut are 
blown upward, those belonging to the opposite phase are blown 
downward. The condition of aflairs indicated by dotted lines 
in the figure is thug brought about. The whole plate-shaped 
arc is CQHtaioed in a 6at chamber through which the air is 
passed. The yield is said to amount to 900 kilograms per 
kilowatt year, tiud sometimes to as much as 950 kilograms. 

The form of apparatus devised by Birkeland and Eyde, like 
lliat of Bradley atid Lovejoy, furuiahes an excess of air to tho 
gases after ihoy have passed through the urc. Therefore the 
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escaping gases in both types of appai-atus contain only 2-3 
per cent, of nitrous vapuurs or even leas. KOj is the principal 
constituent, becaiise conversiou into NjOj does not take place 
to a large extent at such small partial pressures, though the 
temperature is low. 

Comparing liie actual yields with the theoretical require- 
ments, we See that it will be difficult to make much further 
progress in this direction. The 900 kga. per kilowatt year 
already amnnats to four-fifths of the the«^)retically possible yield 
when we instantaneously cool gases heated In 4200'^ If we heat 
the gas beforehand in some cheaper way it will improve matters, 
provided the rapidity of cotditig is not lessened by so doing. 
Howies and McDougall gut poorer yields when they used heated 
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air. Beeiil^s, the miproFemeut of the yield per unit of etiei-gy 
is no longer the point of greatest importance : 90U kga, of 
nitric acid cotresponds to 200 kga. of nitrogen in the com'nned 
condition. Combined nitrogen has a market value of aboiit 
25 cents per kg. A kilowatt hour per year, or a kitowatt 
year costs in favourable localitiea about $10.00. This means 
that the yield of nitric acid pays for the power five times over' 

Under these circumstances we see that the technical solution 
of the problem depends on how simply and completely we can 
convert the oxidea of nitrogen into nitric acid. Thi.s part of 
the procedure ia mat^erially assisted by keeping tJie percentage 
content of oxides of nitrogen as high as posaible in the gasos 
from the arc. It follows from this that n further perfection 
of the electrical part of the process should keep this in view, 
and hence strive bot-h for an increase in the tempemture of the 
arc, and an increased rapidity of cooling, avoiding also any 
sdhseijuent dilution of the gas. 

Nernst's calculations of the equilibria in BunHen'a explosiou 
t'S|M3riment8 are not wholly miitjup. Calculations by Iloitaeraa 
dealing with the water-gaa efjuilibrium have been mentioned 
before, and there exists, too, Le (Jbatelier's* treatment of the 
Deacon process on the basis of Hautefeuille's nnd Margottet's ^ 
experiments on the partition of hydrogen between chlorine and 
oxygen when the three gaaes are exploded together. The 
idep. itself, "f detenniniug the relative coueentratiou in the 
equilibriniu at tlie temperatiiro of tbe cspjosion by measuring 
the distribution in the product, was emmcinted by Horstmann 
at a very early date. 

NevertbelesB, the earlier ualculatione were made either in 
caseB where the Bpocific huata were Loo uncertain, or whore the 
rates of reaction and of cooling were not considered; but, instead, 
it was assumed that equilibrium was always uttaiued, and that 
it was not displaced during tho cooling. 

If we would gain an insight into equilibrium conditions at 

' It BeeiDB, however, tJiat the retiult o{ liOO kgB. per kifowatt year is DOt 
Lbe regular ooe, Tha giiamDtce givan by UirkelHriJ aifnJ Kyde Joea not exceed, 
up to date, a yield of 550 kgH, pur kilowatt y«ar ivorking on a commerGial 
ncalc. 

* Compt. SfTid., 109, (itil. 

^ Ibid., 103, 641 



high temperaturea, it ia evidently of prime importance to l« 
able t,4J niEsasiire these high temperaturea with certainly. We 
stiw, to he Bare, iu the Fifth Lecture, that theoretically ii, ia 
possible to deduce both the temperature aud the location of the 
wiuilibrtum simuldaueously from meaaurementa of the explosion 
pressures. But we also learned there what uncertaiaties Iwaet 
this method of Le Chatelier and Mnllurd. It therefore becotnes 
of especial interest to know how temperatures above the range 
of our ordinary instruments cau be optically measured.^ 

A8 early &s the siitiea Ed. Becquerel * used the radiation Otler 
frcHU incandescent solids as an indei of their temperature. J(, nioLure 
Le Chatelier first made the method practically available. From te4Bpi3ni- 
thia it was but a short step to measure ^ photometrically the ^y"^ ' 
intensity of the light radiated from a body at relatively low 
and independently known temperatures, and having tlien found 
an empirical formula expressing the total hrightueaa per unit 
area as a function of the tem|»eratnre, to extrapolate from it 
into regions of high and unknown temperatures. But these 
optical methods have only found general acceptance within the 
last few years, when the study of radiation phenomena has given 
us a clearer couceptiou of the fundamental laws of radiation. 

The laws of radiation have l«?en investigated l>olotiietricaUy ; Boioin<<. 
that is, au apparatus has been eniphiyed wUch absorbs incident '^'^'""- 
rays of all leagthg which conlriljute tow&rds raising the tern- uon of the 
perature. Tlie rise in temperature produced can be followed '"^ °^ 
very accurately by measuring the change in resistance of the 
substance absorbing the radialion, provided this substance is a 
metallic conductor. A oompaet system of fine platinized platinum 
strips is most suitable for this purpnse. The bolometer ia an 
iuvaluable appliance for measuring nuUation, because it la 
sensitive both for the longest wave-lengths of heat and the 
ahortest wave-lengths of light. Its use, however, requires sneh 
care ami pei'severance as U> almost entirely preclude its use as 
an accessory method for measuring temperature. The reault of 
bolouielHc investigations have not, therefore, sufficed to establiah 
a practical Imlumetric system of tempemture measurement. 

< W. C. Ueniiia lias recently coitstracted a Uiermoelcmeiit wliich caq I>e 
nsiil lip 10 3000^ The uppliiince, how«rt;r. Uas not yvl l-een fully pcFfecled. 
' Kil Becqiiercl, ^Mii. CT.ii«. Pf'ijf.. 8i;(IRlW). 4i>. 
5 L'' Clialelier, Cmpt. Rej,tl., 114 (IWJl, 214. 
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Yet the real signiftcnnee of tlie optical method depends vy 
largely i>u tlie results of tMjlometnc incaBurements. 1 

Bnsta of All tlie measurements of radiation oxq based on two principlei 

if ^dir^ enunciated by Kinsliboff.^ The sliortest statement of the first 
of these is that every body sends out the same radiation which 
it absorbs at that temperature. A body which is not in the leasl 
transparent, and wiueh doe3 not i-eBect at all, but absorbs all 
incident radiation at ovQvy temperature, ia called (\hsolv.tdy, 
block by Kirchboff, Its radiation, for the sake of brevity, ia 
called ■' black " or " dark " radiation. It 19, at the same 
temperature, greater than that of every other body wldcli is to 
a certain extent reSecting or absorbing, both in eum total and 
in the value of every single wave-length. Generally, we call 
the intensity of its radiation unity, on which basis tlie radiation 
of any other body is expressed by a fraction repi-esenting tliat 
part of the "black" radiation to wUif-h it i)^ equivalent.^ 
In this case the radiative power E of any substance 13 equal 
to its absorptive power A, On the other hand, if we designate 
the emissive power of the absolute black l>ody as S, then — 

E S (J 
A=^l"^ 

Tempom- This statement holds with one important i-eaervatiou. Thfl 

!i'utii^. radiation must be a pure temperature radiation. That ia, it 

Hud (omi- luiist be caused solely by heat, and not by chemical or electrical 

npgcBBw, pj[-g^^_ IJadiation due to such chemical or electrical effects ia 

called " luminescence." A luminescent body can emit far mora 

radiation than the absolute l^lack body at the same temperature, 

A gas in a Geiasler tube glows Ijecause of the lumiuesceuc^ 

produced by the passage of electrical discharg-es through itj 

Pbosphoma gliines because of the himinescence produced by 

the process of oxidation. At Jiigher temperatures we have the 

' For tlie older liferatiire, Bee Wiillner, " Lehrbuch dor Experimental-! 
Iihysifc," fitli e(!., vol. iv., Strelilmig, 3ril chnfiter (L<>i|>Kig, 18S!t). LummiTf 
in his " J^iely derLeucbdechnik" [Munii.'li, 1903), gives n review of iJio newer 
lileriiture, eajiodaHy of liiB own work. For tlifl llieoroticitl side of the question,, 
Boe Dntde's esccllBol "' Lehrbiiuh der OpLik " [LeijiKigp If'OO). 

' The radiation of the absolute blnck body varieB na the square of th« 
iodex of refmctio}! of the giirroiinding tneiJium. The refractive imlic'^s of gases, 
however, are so nearly equal \'\ that of air (hot (bis vnriuMlity CAii be com- 
pletelj neglected. 
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phenoroenon of luminescence in the green inner wng of a 
Bunsen fldme burning with an abumlant air-aupply, and mdre 
generally in every explosion of prases. (See AppeaJix, No, VIT.) 
Every gaa flame from which solid particles (of carbon) or the 
vapours of salt are absent shines cliiefly, if not exclusively, 
because of luminesce nee. On the other hand, solid bodies 
exhibit this phenomena at hij^li temperatures with comparative 
rarity. 

Bodies which are not absolutely black either transmit radia- goUd 
tion or reflect it. If the coefficient of reflection ' and of trans- ^^i**- 
pareiicy* for a certain tneraperature is given, then the coefficient 
of absorption ^ and at the same time the coefBcient of emission 
are known (taking tlie coefficient of emiasiou of the absolute 
black body as unity). We see immediately that the trans- 
parency of many aolid substances is zero. Xo heat or light 
rays can puss throujfb a piece of carbon, of platinum, or any 
similar material of auy appreciable thickness at any tempera- 
ture. The difference between their railiation and that of the 
absolute black body is based, then, solely on their different 
powers of reflection. 

jMames in which solid particlca, or the vapours of a saUriaroe*. 
are glowing, leaving luminescence out of account, present in 
general quite a different case. An ordiuary flame of illuminat- 
ing gas in which solid particles of carbon are glowing, is still 
highly transparent to radiation, as evidenced by our ability 
to see through it. The more glowing particles it contains, the 
more opaque it becomes. It must be considered quite opatj^ue 
when a mirror or a second similar flamo placed behind it no 
longer increases its luminosity. <.>n tlie other hand, the re- 
flecting power of such flames is almost always very small. 
We can convince ourselves of this by directing a beam of 
sunlight or liglit from an electric arc transversely through the 
riame, and again observing the previously measured radiation. 
If this has been jierceptibly increased, it is evident that the 
flame has reflected a part of the incident radiation. If it does 
not increase, Ihea the flame can have no perceptible reflecting 
power, 

■ Tlmt is, the rraction of tho radiation which ie reflected. 

^ That is, llie fraclioriorthc radiation whLchis allowed ta paeelbraiigh. 

^ That ifl, llie fraclioa of the mdialion which is absorbed. 
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The Slim of the coefficient of reflection R, the coefficient 
absorptiou A, and the Goefficient of transparency D are always 
1. That is— I 

A + It + D = 1 
If the body is opaque, then D = 0, and — 
A = 1 - R 

If the coefficient of reflection of the opaque body is not 
equal tn zero (as in the case of the ahsohitely hliiek body), hut 
is tho same for all wave-lengths and tempcratiirtja, tlien ita^ 
coefficient^ of absorption, and consequently its coefficient oC 
emission, bears a fixed ratio to that of the absolutely black' 
body. Such a body is called, from a bolometric atandpoint», 
grey. If the coefficient of roflection of a body, either fofj 
different wave-lengths at the same temperaturea or in its sum 
total, chanjjes with c-bau^ng temperatures, then the boily 
diffei-s more or leas in its i-adiation from the abauluttdy black 
body, dependiuf- lui the toiiiperatnre. It is then a aelectiva 
i-adiator, and is frequently called "coloured" in a bolometrio 
sense. The designations " grey " and "coloured" must not be, 
thou|^bt t<j refer tti the appearaucu of these bodies to the eye. 
A body win have all the colours imaginable at ordinary 
teraperatitres, and yet appi-uximale extraonliuarily close to tho, 
behaviour of the ahsidute black body at higher temperaturea. 
Conversely^ it can be highly coloured in a bulouietric seu&e, and . 
yet at ordinary temperatures appear wholly white to the eye. j 
The reason for thin lies partly in the fact that the colours' 
which a body showd at onlinary temperatures have notliiug 
directly to do with its colour when incandescent. But another, 
circumstance is of at least equal importance. 

Our sense of colour depends whuUy upon the phenomena of ^ 
absorptiou within the nan-ow range of wave-lengths between 
4 anil 0-S^ (/i = O'OOl mm.) visible to our eyes, while the 
spectrum uf radiotiou measurable by the bolometer extends 

' Hem we ucilly assume that the LDcidciit rndiation always strikes Iho 
body in (incHtioii at tin; sniiie iinglc-, muBt, siinEity at a right angle. Tlio 
coefficient or nl>sorpI.ion, unci therefore also the coeffi-cieat of rAdialion, is , 
imlmpGnditiit of the angle of ibcidcnoe only in tike cuse of the Bbsolittcly black j 
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from the very shortest waves up to 19^ — often, indeed, further. 
And il is precisely the nou-visiUe radiation which is of 
paranioant importance from a bolometric point of vieWj 
because at all temperatures attainable in practice, its eoergy 
of radiation is tremendously gveater than that of the visible 
radiation. 

The second principle enunciated by Kirchhoff upon which KI":1»- 
the tlicory of radiation ig based concerns the actual realization „*ooud 
of an absolutely black Lody, Kii-chLoff pointed out that black l""ic'P*e. 
radiation must exist in every completely enclosed cavity 
whose walla were opaque and at the same temperature. Every 
bundle of raya iu such a cavity would be identical both \\x 
quality and in intensity with the radiation from an absolutely 
black body nt the same temperature,' 

StfiTtiny from this principle, it was but a ahort step to Tb*' reaii- 
actual realization of the flb^lutely black body. Yet this step iLo »i»> 
waa not made till some f^rty years afterwai-d» by Wien and '""*'?■ 
Lummer/ h^Jy. 

rf, indeed, every bundle of rays in a closed isothermal cavity 
surrounded by ojtaque walls exactly con'eaponds to i-adiatioti 
from an absolutely black body, then the rays which issue from 
a small opening out of such a cavity would nut differ by a 
nieasurable amount fr.)m black radiation. If we would be 
Very cautious, we may line the inside of tlic cavity with a layer 
of iion-reflectiag material. Lummer aud Priugsheim^ cliose a 
mixture of chromium, nickel, and cobalt oxide for tliis purpose. 
Their later experiments showed that such niceties were not 
necessary. *' Black radiation " is emitted from every cavity 
where the opening ia not altogether. too large. 

Lummer and Piingsheim used a porcelain tube closed at Knperi- 
one end as a cavity, It was open in front and encased in sheet "^mer 
platinum, which was kept heated to incandescence by nnaiid 
electric current. The tftnii>eraturii iaside this tube was measured ^e|^f ' 
by meaoa of a thermoelement (platinum— platinum-rhodium, 
after Le Chatelier). By this means the relation between ilie 
black radiation and the temperature could be followed up to 

* For the proof of this see Pringsheiin, Verhtinil. d, DtutKlmu pitylik 
arttUKknft,Z ^1901), 83. 

- Wien anil Lummer, Wifl. Ann . bG (ISOfj), 451. 

=> Vi-rhnuiU, ,1, DeulKhtit phy*<h drselU/tn/t, BiL 1 j;lft99), 23 «ih1 21't. 
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1600". Tlie ctbaervatioDS coafirmed in a moat striking fasliioa 
fl law which Stefau had oiiginally obtaineJ empirically, but 
wliich ISoltzmaitn had. Inter deduced ^ from theoretical con- 
flidtirattona witli the necessary limitation to radiation from nu 
absolutely black hotly. 

This law gaya that the sum total of the radiation emitted 
by nn absolutely black body at the absolute temperature T 
is jiroportional to the^ fourth power of the absolute tempera- 
ture,* 

if we Gall E the intensity of radiation, then E^A repre- 
sents the radiant energy for an infinitely narrow strip of the 
Hptjclruin. (The letter A here represents the wave-length.) The 



' K'ifrf. AMti. dtr Piffflit, 2-i (1R84),31 fttid 20U 

* Till! law car] hv viewed ns a Mimjile coiiBajwonca of the relation (p. 22) 
wliicl] stfttci! Llint^ 



U 



A - T 






Itiiliittion, bftiiij; a progreasive wnvo-motioii, esc-rts a, prefiaure upon the 
nCrnctUTO it Btrikes (like every progreHsiTe wave on q water surface^ Now, 
ill's prewurc which gAe iriolcClilfig ex.ert ud the plain walla of a cO-nlaining 
vessel b^cauHO uf Ihtiir impactn fron] all directions can be mathenintically 
replaced, bb Jonle fir^t 6liowcd(0. K. Mwyer, Kt'n. TheorK der fftisf (Breslnii, 
ISOn), § 10), I»y juHt oiio-ltiirf! Ihe iiunibur of exactly perpeiiiliculiir 
impncts. In ttie same way w« mny imfiguiti the pressure exorted liy llio 
diliiisc rndiftlioti iigtiiintJt an nbsoliitely blnck surfitce as having l>ecii pjinsod by 
ft preciaely normal radiation ofone-tliird tlie intensity, Itqt it is Uifl peculiarity 
of tliD' abHolittely lilacU iKidy thai it ubaor''3 aU iLe rays wLicU sirike it. It 
tlierefore follows that onc-Cliird of all the radktlon whicii the walls alieorb 
Appears &a prossuro, and would he CApnble of dning work were tlio fibAolutely 
Mack liQcty conil^ecled lo Eomn' suitable macliioe. Kriiiilil<rinn>, witll d, infkxi- 
mniD productitin of work, wnukl tlicrefure otily be obtamed on tin? Burfacd ni" 
an absolutely btack budy at a constant tenipfiratiiTE! and with radrntaon E 
incident from all directions^ wlicn ond-third of the radiunt cnurgy E absorbed 
is given otf Q5 meclianical work. Then the qunntity O'f tdc totnl entrgy U 
giT^n off [8 oipial to — E, And the work done A is. equal to jJK, and it 
fidlowB tbal — 



or 



4E = T 



,.dE 



dT 



Integration gives ua the Steran-BoltzmALn law. 




total radiation of the abaolutely bUck body h therefore, according 
tu Stefan-Boltamanu — 



/: 



A = 



where s is a constant to be esperiinen tally detemiinod. 
Measurements hy Lmnmer and Piingsheim at known tempera- 
tures up to 1500° agreed excellently with thia formula. 
Kaowing s from these 
measurements, it was then 
possible to reverse the 
procedure and to calculate 
temperatures up to 200n° 
from observations of the 
radiation of aa absolutely 
black body by means of 
ihe bolometer. The abso- 
lutely black body con- 
sisted of a carbon tube 
with thickened ends, to 
which tlie current leads 
were attached. 

The relation l>etween 
i-adiant energy, wave- 
length, and tempcTiiture, 
at various temperatures 
of the absolutely black 
body, is represented in 
Fig. 16. The wave-lenj^ths 
iu fis (thousandlba c»f a 
millimetre) are plotted 
horizontally, and inten- 
sities of radiation, measured in arbitrary units, are plotted 
vertically. It is remarkable how small the visible fraction 
(between 0'4 and 0"8 ft) of total radiation ia, even at the 
highest temperature (absolute) given in the diagram. 

The single observations seen upon the highest of the radt' 
ation curves in Fig. 16 were obtained by measuring the railiation 
with the bolometer after the radiation hail been resulved into 
a spectrum. The resolution is best broaght about by using a 
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prism of sylvin, which is transparent for very long waves (19^) 
(iluor-spnr is only transparent up to 12^). 

The measureiueut of the radiant energy of the siugla wave- 
lengths poasessea significance independently of its importance 
in cleteirainiiig the curve for total brightneae. Indeed, it is 
poBsible in this way to find for every temperature a wave-length 
at which the radiant energy has a maKimum. This wave- 
length is connected with the temperature by two relationships 
discovered by Wieu, iisnally apoken of as the " VerschiebiiDga 
SatK," or "displacement laws of Wien." AccoRling to one 
of them, for tbe case of the absolutely black body — 

A„.T = const.' 

and according to the other — 

Em = const." T« 

That is, the radiation intensity E« for that wave-length X„ of 
greatest intensity, in the case of an absolutely black body, is 
directly proportional to the fifth power of the temperature, 
while this particular wave-length is also given by the quotient 

— sr-^' Lunimer and PriugaLeini found the value of const,' to 

be 29i0, This number is a very valuable one for many reasons. 
For instance, using it, ■we find that the luaxiraum of radiant 
energj' does not fall within the region of wave-length visible to 
the eye, that ia, between 08 and 0'4/i, until a temperature 
between 3700'' and 7400° ia reached. 

These relations hi pa, true for absolutely black bmliea, have 
received valuable extension thTOiigh a study of the behaviour of 
blight plutiuum. Such ti surface has very strung relJecting 
qualitieJ!, and is consequently far removed, optically, from ^he 
black body. Without this investigation the laws of black 
radiation would be merely limiting laws, from which an ordinary 
solid substance freely glowing might diverge very widely. The 
investigation of bright platinum, on the other baud, afforded 
II knowledge of the l^baviuur of an opaque solid substance 
which, becAuae of its high reflecting power, possessed the 
character of a minimum radiator. It is here assumed that 
luminescence does not set in, and that the reflecting (lOwer of 
carbon, feiiic oxide, etc., does not surpass that of bright pbitiiiuni 



1 




at high te[ui>eralurBS, which is cerLainly reasoaable. The 
irttereating fact i-s that tlte radiation of bii^ht platinum 
Btill approximates very closely to tliat of the absolutely black 
body. The form of their radiant energy curves is quite the 
same. Ooly the total energy of radiation does not vary as the 
fourth, but Tiither as tlie fiftli power of the ahsolute temperature. 
The displacement of the maximum of radiation satisfies the 
formula — 

A^T = 2630 

which diftera I'rom the formula applying to the absolute black 
body only in having a somewhat smaller constant, The fact 
that si> sliglit a change iH produced by a subslitution of bright 
platinum for the absolutely blnck body is of great iniportanoe 
in determining temperatiU'e.s from radiation phenomena. It 
alone makes it possible for us to apply without gi'eat error 
methods which in principle are only permissible with absolutely 
black bodies, to solid, opaque substances of perceptible reliecting 
power, such as the carbon lilameuts of an incanduscent lamp, 
or any other glowing conductor.^ 

Limiting our discussion for the moment to black radiation, 
we sec that the laws of radiation furnish a basis from which we 
may meaaure the temperatHre of the black body optically, when 
we know either the change i«f intensity of radiation of u single 
wave-length in the visible i-egion, or the change of the total 
visible rwiiation with the leniperatunj. The photometer could 
then bo conveniently used in place of the ixjlomeler as a 
measuring iuslrnment, und the light mdialed by one square 
millimetre of the black body*a surface (the so-called "surface 
brilliancy,") would either tell us directly, or after preliminary 
resolution into a spectrum and solectioo of one particulai- wave- 
length, the teiin»eratiire of the black botly, 

Wieu has developed an expression for the intensity of any 
given wave-length, which Plauck ^ has improved by the results 
of experimentation. This formiila is — 
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E = 



■■at 



- 1 



t Coneult ia ttiis regard [ho discuxsiun at ihe XatnrforecherversainTnluDB 
at Hamburg, Phtfsik. ZeiticAT., 3 iia01-lW2), Q7. 

K Verhand. der DtuUchcn phi/tik. Oneihchaft, 2 (1900). 202. 
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wliei-e a and h Eire two eaipiiical constauta. 
ti-ansformdd into — 



It cau I'eailily te 



E = oA-*.r"*i 



The Irtiction enclosed in bracketB would always be very oeaiiy 
equal to unity for short wave-leogtha and any teinpemt 111*6 
practically attaiuable. Actual experiment shows that this is 
true, aod it cau therefore be omittoJ. Taking logavithtas, we 
get— 

h 



Wanner'a 

meter. 



in\^ = ina — 5inX — 



AT 



If "we measure the intensity of radiation from tlio samu body at 
two different temperatures, T' jiud T", and for tlie same wavo- 
lonsLh, we should tind that^ 






E" \VT 

The constant h can be calculateil from the iuvesLi^^iiLions uf 
Lnmmer and Pringshcitn on the mdiation of the btiick body, 
using the Wien-1'lunck fwmuLa. It lies in the ueighbourhood 
of 14,600. 

A convenient and valuable optical thermometer devised by 
Wanner,* depends in its action upon the above principles. With 
this instrument wa siaiultaiicously obsei-ve the surface brilliancy 
of a black body and that uf a ground-glaes plate ilhiuiinated by 
au incatidesL'ent light. Each half of the field of view corresponds 
to one of these two sotnces of radiation. Within tiie instrumonti 
is a direct-vision specti-oaco].ie which resolv&g the incident light 
into a spectrum. Diaphragms of pniper dimensions then cut 
out all the light except that of wave-lengtlia near to 0'655:i^J 
A pail' of Nicol prisma are inaert«d in the path of the rays 
coming from the ground glass. By turning one of these (the 
analyzer) about its axis, the brilliancy of the corresponding half 
of tho field of view may be varied at will. By reading o£f the 
angle thi-ough which we turn the Nicol, we can obtain a quanti- 
tative measure of this change in brilliancy. If we adjust the 

' PhjHk. '/MtKhr., 3 (1901), 112. 




brilliaury of the incaDdesccut 

absolutely black body, iu one isase at the temperature T', and iu 
auotber at the temperature T", then tlie ratio of the two angles 
as read vriW represent that of the inteusitie'^ of radiation of the 
absolutely black body at these two temperatures. (This, of 
course, applies only to the wave-lengths 0S5ii3;i and the same 
radiating surface.) If we know the temperature of the black 
body in one uaaa, then, by the tielp of the above formula, we can 
calculate the t43mperature iu the other case. In onler to be 
independent of any decrease in the brilliancy of the incandeeoent 
light after long use, snch a teini>erature V of the bhick body is 
chose-n that its intensity is exactly equal to that nf a " Hefner " 
lamp for the wave-length X = 013563. Tlie von Hefner amy! 
acetate lamp ia in general technical use aFi a unit of light 
intensity. It is easily reproduced, and corresponds to a definite 
temperature of the absolutely black body. What this pai'ticular 
temperature may be is determined once for all by a simple blank 
measurement with each instrument.' 

This inatrument permits us to meaaiire temperatures from 
900' up to 2000°. We cannot go Uigber, because the incan- 
descent filament then diaiategratea, and the glass bulb becomes 
darkened. But there is no reason why some other source of 
light should not be used in its place. 

The interior of technical blast fomacea and glowing tubes ApplirA- 
sends out nearly pure black radiation, so that the Wanner i^ "'''■""' 
pyrometer may be uii hesitatingly med in both these cases. opiUal 
But the temperature even of solid, coherent surfaces glowing iu fJ™™"^**^' 
the open may be mefisured by its means without perceptible 
error, provided they are intermediate in their behaviour between 
Imght ptalinum and the absolutely black body. Lummer and 
Pringaheim have compared bright platinum and the absolutely 
black body at 1 lOO^ abs. and 1800'- aba,, using another pyrometer 
based t>a the same principles, and found a deviation of but 40' 
at the lower temperature, and lUC at the higher. With poorer 
reflectors than platinum, with carbon filaments, for instance, 
the error would be much smaller. A special advantage of the 
iustnmient consists ui the fact that ihe comparison of the two 
halves of the field of view need not be s very accurate one. 

■ Se« for the use of tlm ingtrutnetit, NernHt and v. Warteabei^, Va-handL 
dtr^^tik. Oeteii»cha/t,% (1906), 48. 
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Tiie iuleusitv oC rai!uition iucreases so extremely fast that ad 
eiTor uf 10 per ceat. in tbe adjustoieut at the tempomture o| 
molten platinucfl causes only aa error of 10* in the teniperatur? 
read. 

Finally, instead of measuring the intensity of any particu)ai( 
wave-leugtli, we may measure the intensity of the total visibU 
radiation, using an ordinary photometer. The expression given 
by Wanner applies to every particular wave-Iengfch in tbe visiblfl 
spectratii. The simplest extenaioa of this expression, and, so fail 
aa I know, one which hag nover beforo been pointed out, would 
be to consider the total visible spectrum which is include^ 
between 0'4 and O'S/*. as aimply an ill-defined band of a meaq 
wave-length, e.g. 0*6^; and, compared with the whole spectnini 
of wave-leugths which affect the bolometer, that ia all it i-eallj? 
ia. We should then obtain for the photometrically measurably 
Burfiicc brilliancy H' and H" of the black body at the tempera- 
ture T' and T", without resolution into a spectrum, the relation— 

If, with WaQnur, wo call h equal to 14r,500. wLich is somewliaj 

uncertain, tt;;^ equals 24,170. If we denote by T^-^ thai 

temperature at which the surface Uiightness of the black body 
equals thu,t of one light-unit (one Hefner candlepower), tbcii 

tliis expression bocomeg — , 

or, if wu divide the coustant by Tji = , and call the quotient a, 

loM Rasch^ obtained this expression in aoother and certainly 

brigUnoBa \^^ simple manner, and tested it by experimental data wliioh 

peraLuro. Lummer and Fringsheim on the o&e baud, and Xenist^ on ths 

other, had obtained from photometric measurements of total 

brightaeaa. Kasch puts a ei^ual to 12'943 and Tu= , equal to 

1 Grade's Ann., 14(1904). 

'I Fhffsik. ZtiiKhr., 4 {\^^), V33. 



is, 1795* 0. Oa this ba^is we obtain 
surface brilliancies labelled "calculateil *' it) the following table : — 







Snrttct billlUiKT In H.C p«T xt- bid. 










ObMrrftL 


(UtcaUlcd. 


1 


117& 


0-00+2 


0-0039 


2 


1325 


(J-Oiii) 


0-0222 


3 


I4S5 


(ii>G:t5 


0-0ti.i>3 


4 


IfiiK) 


0-fiO 


. 0-500 


5 


1690 


(0-47) 


U-500 





1780 


Q-n 


0-£>09 



Nernst apparently got number 5 by extrapolation. The 
temperature of 1780'^ represents, acccorJiug to Holboru and 
WieD, the melting-point of platinum. If we calculate from 
this and a the value of the radiation constant b, using (.he 
relation — ■ 

a.X.Tcii = i, = A 
and putting A = 06, we get — 

6 = 1S,062 
while wo should have expected (p. S6) — 

h = 14,500 

or, according to Luminer and Pringaheim, 14,600. The differ- 
ence is not large, and may be ascribed to physiolc^ical caiiaes. 
Tlie eye is not equally sensitive to light of various colours, and 
though we consider the boundaries of the visible spectrum to 
be 0'4 and 8^, we may better put the mean visual wave- 
lengtli, not equal to O-G^, but somewhat shorter, perhaps 0*5;"i;i. 

We may further test this relationship by means of Lummer Expert, 
and Kurltmum's ^ data regarding the total radiation of bright Lummer 

platinum. They have expressed their results in the following aiid 

.- EarllMUm. 

equation ; — 



H' /ry 



Verhandl d. Dtuit(Aen phytik. OtKtlst^aft, 2 <1900], &1. 

U 
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where x varies with the temperature. 
then — 

, ff , T' 



Taking logarithnisr 



We note that T and T' must be very nearly equal, if we 
would have x replaceable by a fixed valiie in this expression, 
and if we represent the diCferenco between T^ and T'' by AT, it 
follows that — 



In 



T 



, T" + AT , (. , AT\ 



' rr^i *'" mil 

But, according to the rules governing calculation with amall 
quantities^ 

, /■ , AT\ AT T~T 

Thua the LiiinmeT-Kurlbaum formula becomeg — 

H"_ T^-r 

This expression is identical with the above whea we put 

constant „ ^, ,^ . 

-, for we then obtain — 



iE = 



r 



H" , T' - r' /I 1 . 

/n^, - couat. T^rrr^. = con3t.(^^ _ ^j 



H' 



T" X T' 



Lummer and Kurlbaum have prepared a table giving the] 
values yf x for various temperaturea of bright platinum, and 
I reproduce it beluw. Tlie products aT are added, Tliey 
should represent the constant in the expression obtained above,] 
and onglit uot to vary if this expression has been correctly] 
deduced. 

AUoI. temp. T . !>00 lOOO IIOO 1200 1400 1600 11)00 
Exponent J! . . 30 25 21 19 18 15 U 

Product iT . 27,000 25,0UU 'JS.IOO 22,800 25,200 24,000 2ti,( 

We see that the products toT are, indeed, nearly constant. 
The diCTerent values vary around 24,920, as Raach has pointed 
out, On the basis of the meau wave-length 0"55/i, we then 
obtain 13,706 as the value of ft. The ratio of tlus value of the, 
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constant b for bright platinum to the value 14.500 for the black 
body, coireaponda CLuite closely to the difference between these 
two extreme coses as found by Lummer and Pringaheim, 
namely — 

X^l = 2940 (black boily) 
A«T = 2630 (bright pUtioum) 

The calculation of absolute temiiemlurB of solid incan- 
descent boiUes by raeana of the formula — 



InB! - 12-943 



3068-4> 






therefore, appears justifiable up to very high temperatures, 
particularly if the radiation iaauea from a tube or cavity. 
Nernst found the total radiation from 1 eq. mm. surface in s 
cavity "t tbe temi*Tattireof mdting iridium to equal 121 + 06 
Hefner candle-power, aaauming that ib in the Lummer- Kurl- 
baum formula remained constant and equal to 14 at a brightj 
while heat, or in any cnae equal to 13 above the temperature 
of melting platinum. From this he calculated the melting- 
point of iridium to be 2203^ and 2338' respectively. On the 
other hand, Kascb, using the formula first explained, calculated 
from Neraat's observations that this temperature was 2285", 
or, taking a slightly greater value for a (13*02), 2287^. Herieus' 
value of 2400"* for the nieltltig-pouit of iridium is certainly too 
high. 

IF, then, it is possible for us to measure the temperature of 
solid bodies, and particularly the temperatures of the interiors 
of tubes, with considerable accuracy, we naturally ask what 
advantt^ tf e may derive from this for the study of equilibria at 
elevated temjjeraturefl. We are greatly hampered here by the 
fact that our supply of substances impermeable to gases above 
1500* ia very scanty. Carbon vessels cannot be made gaa- 
tiglit, and metallic vessels, among which those of iiidiuin are 
the most important, can only be used ^^ith certain limita- 
tions, for at an intense white heat this substance preserves 
neither the refractory chemical properties nor the impermea 
biUty to gases which characterise it so markedly at ordinary 
temperatures. 

Flames, od the other hand, are available without restriction, 
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iind for ihis reason measurenients of their temperatures by 
optical uicana is of espeoiitl iDkerest to us. 

It is true that our exjx?ri mental data in this field are atill 
aomewhat incomplete. Kurll»amn ^ iirat describeil a method for 
determininj; the tempei-ature of earboii flainoa (candle^ illumi- 
uatiag gas, and acetylene flamea of the ordinary sort), and this 
method is veiy simple and direct. He used the apectro-photo- 
moter previotisly conBtructed by Holbom and himself, the 
principle of which simply was to simultaneously obsei-ve through 
a red glass nu incnndeacent lamp filament and the image of a 
radiating surface thrown iuto tlie plane of the incaudeacent 
filament by a lena. If the red radiation of the iuoandeacent 
lamp and of the surface were equally etrong^ then the filament 
appeared neither bright nor dark against the shining BuHiace. 
Ivurlbaum then substituted au absolutely black body for the 
radiating surface, and compared the brilliancy of the incan- 
descent filament with it at various temperatures, AVlien the 
filament was no longer viaible, he inserted a candle-tlarae 
between the opening of the absolutely black Ijody and the 
inslniment. If the radiation of the tiame ttbs lose intense 
(in the region of red raya) than that of the absolutely black 
body, the candlc'llame cast a shadow, the field of view was 
darkened, aud the earlkon filament appeared. But if the radia- 
tion from the candle-flame waa more intense, them the field of 
view became brighter and the filament appeared dark againgt it. 
The temperature of the attaolutely blnck body at which the 
insertion of the caudle-flamc produced no change thee repi-esented 
the temperature of the flame, aasumiug that the flame possessed 
no reflecting power, and that its coefficient of absori»tion equalled 
that of the black body, that is, equalled one. 

The conditions under which this photometric method of > 
temperature raeasureraent in any region of wave-lengtha is 
justifiable may be easily defined with more precision if we recall | 
the two formula; (aee pp. 278 and 280) — 



A -l-R +D = 1 . 

and E : A = Ss : 1 or E = ASj 



(a) 



Here E represents the radiation coefficient of the flame in tbe 
> rhytik. Zeilmftr., 3 (1901-lfi02j, 187, 332, 



region of wave-lenglhs under consideratioQ ; A the nhsorptioii co- 
efficient of the flame for the same wave-lengths ; Sj tho radiation 
coefficient, and 1 the alisorptioti ciefficient of the absolnlely 
black body at the sAtiio temporatttre and also for the same 
wavedengtha. If, then, we assume that at any one temperature 
of t!ie absolutely black l>ody insertion of the Hamo into the 
path of the rays produces no change in the field nf view, 
then — 

E + DSi = S, (fi) 



Here E has the same sir^niftcaQce as l>erorc. D is tho coefficient 
of transparency of the 8arae for the wave-lengths used in tlie 
red, and Si the radinliou coefficient of the absolutely black body 
for the same wave-]en;^th and at the temperature at which 
insertion of the candle-flame proiluoea no chanj^e in the field. 
This foroiula is derivetl from the simple consideration that 
when the candle is inserted, the radiation coefficient E of tlie 
ilame plus the transmitted radiation DSi are active, while wlien 
the candle is removed only the unimpeded radiation Si of the 
absolutely black body produces auy effect. From this equation 
and (i) it follows that — 



ASa + DS, = S, 



and with the help of (a) tLat — 

„ „ 1 - D ^A + U 



-'('-!) 



^Vlieji, therefore, we assume that tho radiation Si of tbs 
absolutely black bo«,ly at the actual temperature prevailing 
when we adjusted to precise equality, is equal to St, the 
radiation whicli the black body tmuld send out at the tempera- 
ture of the flame, wc commit a mistake the maguitude of which 
depends solely on the ratio of the reflecting to the absorbing 
p<iwer of the (lame — 

It 



and which may therefore be practically zero if this ratio is very 
amall. Indeed, the method would still give coiTect results eveu 
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if the Eibsiirptive power were considembly lees than that of the 
ahsululely black body, providetl only that ils reflecting pawer 
were alsn suFEiciuntly aiiml]. 

Ktirlbaiim'a observattons earried out as above ilescribotl, 
>^a.\i& 1431" for the temperature of the candle-flatne. Lmnnic^r 
and Priiiysb(.'im' ba^o ciiticized this iiiault on the j-muud Utiit 

the ratio -r was 'jy no means equal to zero. They found B 

equal to OS, and surmised that 11 must lie between 0'05 and 0"1. 

-T^ must then bo certaiuly far from zero (case of the absolute 

black body), and the temperature of the candle-flame would be 
higher than 1431". In answer to this Kurlbaum {Ice. cit.) pub- 
lished uKBosurBmentsof K^ showing it to be approximately equal 

\Ai O'Ol. The qiioticnt t would then be so small as to be 

negligible, and 14S1° would appear, after all, to be the correct 
temperature. But now Stewart^ invtsatigatcs the nieasure- 
mcBts of Lummer and Pringsheiin, and tinds that if Kurl- 

bannn's determination of It ia correct, we must tuke I) equal 

p 
to 096. -r wo\dd tliea again seem to have an appreciable 

magoitude, and the value 1431° would he too low, .Sjiectro- 
bolometric moiisurementa have yielded results even more 
variable than these, as can bo seen by ctimporing the results of 
Lnmmcr ami Friugaheim and of Stewart. 

The reflecting power of flames, as lias already been pointed 
out, ia always small. Any error in Kurlbaum's metliod must 
then lie due to the (ransparency of the tlnmcs, and must in- 
crease wilb it. The denser and more opaque the flames become^' 
from the Buapended particles of carbon, ao much more correct 

will be the results of thi$ metbodj because tlie values of 

become just bo much smaller. On the other hand, for an] 

R 

given value of -r the ineasuremeiita become relatively moi 

accurate the higher the temperature. Even if we made 
mistake of 100 per cent, in measuriug the surface brilliancy' 

' JWd., 4(1902), 1. 
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because we neglected t. *^ would only involve an en-or of 

120° degrees in our temperature measurements at 1430°. 

It is pi^seible to apply this optical method to dqu- UEoanre^ 
luiuinous flames when we artificially colour them. Fery ^ used ^^^^^^ 
tlio vapours of salts, prtfembly sodium chloride, for this lumintfOB 
imrpoBe. He assumes that the sodium line shines from pure 
temperiituru radiation ; that nil the luminescent radiation of 
tlie tlamc is xero" for this wave-lengtlii ; and, finally, that thw 
transparency of the coloured flame is small for this wave- 

length, and conseq^nently the quotient -r is nearly equal to 

zero. He was able to confirm exijerimentally thut the reflect- 
ing power is very small, as would be expected. If all those 
assumptions are true, then the optical measurement of the 
temperatures of non-luminous flames by means of the spectro- 
photometer can be easily carried out, by simply colouring them 
with the vaponr of sodium chloride. In making tliesc measure- 
menta Fery observed the spectrum of an incandescent lamp, 
which he assumed to radiate as a black body, and inserted the 
flame> coloured with salt vapours, into the path of the rays 
irom it. So long as the brilliancy of the lamp was below 
u certain point the aodinm line npiieared bright. A^ the 
brilliancy of the lamp was increased, a point was reached at 
which the blight line changed to a dark one. This reversal 
of the lines in the spectrum is a well-known phenomenon. 
Kirchhoil' recognized, even before he had deduced his Ijiw 
of Kadiation, that the bright lines which coloured flames 
show when viewed by themselves, are supplantetl by dark 
lines of identical wave-lengths when more intense light of the 
same wave-lengths falls uiK>a them. KirchboS's explanation 
of the Frauenhofer lines was haaed on this very experiment. 
The only new feature here is the quantitative relation l>etween 
the temperature of the flame and that of the other source of 



' Cmap. Rend., 137 (1903), 9lW. 

' Tills aasumptioD exnclJy conlrniJkts PringHlicIm'e opinion that tlie 
vapoiifH of metals in tlie tiAtncs sbtno only through lamini-scunce. In tliia 
connocticin, ecc tJic treatment of the subject iti th6 " Rapporls pr£aDAl^ au 
Congr&t inlernationnl de Phyaiijue, Paris, 1900," vol. 2, p. 100, where a 
bibliogra[iLy is gii^n ; and Kayscr, '' Uandb. d«r SpekCrgsV<>|>ia," vol. 'it 
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light. It hai only been poasible to determme what Ltiia 
quantitative relation k, althoug^h by no means accurately, now 
that invftstigations have been carried out which ahow us how 
the radiation from incandescent solids depends upon their tem- 
perature. Fery's and Kurlbaum's metJiods are really identical, 
for the latter method too depends easentially on a reversal 
of the lines in the spectrum. The subatitution of an incan- 
descent lamp for the absolutely dark body lessens the accuracy. 
If the radiation of the incandescent lamp is determined as a 
function of the temperature, uaing the black body, then Fery's 
procedure in this regard 13 naturally justifiable. Fery's results 
for the Bunsen flame arij very goad. He found- 
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The values he found for certain other flames seem leas accurate. 
The thermo-electric measurement of the tempemtui-es of 
Hames is certainly to be preferred in the present state of the 
questian, w]iene'\er the method ia applicable.^ But this 
method requires certain definite and iuiportent experimental 
precautions, if we would not obtain most eiToneons results. 
Baikoff s e.\perimcnt.g uj«n the tom]>erature of the Runsen 
flame illustrate the eiTor possible in such a case," He measured 

' In regnid to llie meafnirsroeiit of high tcmperaturea by oliier mcUioda 
{nir-tlicrraometerB, CalorimcLer, ruBiiilfinc*: lliermoracter, contractioii pyro- 
meter, Seoger^B co'iea, etc.), see ihe ejtCBlletil litt]q book by Lo (.'hateller and 
Houdoimrd ontided " Temp^riiturefl clcvfies" (Paris, 1900), I take from this 
Bource tko followmg tabic of frenueutly u&ed fixed pointe of tliermonietry ; — 



fiuHlnx-poliM. 
Water . . . . , . IW 

Nupfatlislitie . . . , 218" 
Siilplmr ...... 445« 

Zfira iiao'^t 



MettlDE-pdikl. 

Silver 902" 

Gold 1065" 

Platinum I780* 



Numerous valualilc rGforenceii to llie literature will bo foimd in ilio 
moDOgrapli, "Chcmie der extrcmen Tempera Ltiren^" hy Bredig (Leipsig, 
1901J. 

* CfiwnitfT^eiVuiiir, 28(11)04), 1107. 



* At 7(30 tarn, pnerore, 1 mm. ch«nge of prefanre cfaAuges the tt.p. 
0005° 

f Al 760 mm. presaure, I wt», vimpgc of jiressure changes llie l>.p<. 

0-lS". 
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the tenii^ciraturB of tlic culourless lUuie from the tip of the 
inoer coae u^iwarcls along the vertical axis, iuserting the juno 
tioa of his therninulemeiit at these points. After that he HttQd 
a cap of quartz uver Ihe junction of his thermoelement, and 
made a second aeritis of ohaervations. Thirdly, he made another 
series of ohservations with a cap of bright platinum over his 
quaTtis cap. In the first case he fuund teinperatures between 
1350" and 1391"; in the second, temperatures between lUO** 
and 1133°; and in the third, temperatures immediate between 
the two, though approximnting the more closely to those with 
unprotected junction. The thermoelement therefore showed 
tht! lowest tenii>eratures when surrounded by the quartz alone. 
BaikoET considers these temj^teratures to be the irftt tempera- 
tures of the flame, the higher temperatures registered being due 
to catalytic action of the platinum He believes the very 
natural explanation of unequal radiation to be precluded by the 
fact tliat the phouomeDun is not altered when the llame is 
surrounded by a "hot" chimney. Hut one sees immediately 
tbnt the intensity of radiation increase,^ so tremendously with 
the temperature that a cliimnuy, even if heated to incipient a-d- 
ness, M'oiild have no effect on the I'adiation of substances at 
temperatures of 1500-1800". Though perliapg auperllitoua, I 
have further convinced myself that it is only neceasary to 
cover the quartz cap with finely divide^l platinum, Instead of 
bright platinum, in order to change the rise uf temperature 
into a I'alL' 

In order to accurately determine the temperature of a flame 
thermo-clectrically, it is of primary importance to know how 
luucb heat is li>9t through the radiation from the thermoelement 
itself, Waggener,*-' Nichulii,^ as well as While and Traver,* 
have found that the lemiierature imlicaled by the junction is 
almost exactly a linear function of the thickness of the 
clement. If, th<3n, we measure the temperature of the same 
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1 In HiiikofTA more extended pulilicatiou in the RiiRsinn, C3C[>erinionta arc 
mcDtioncd willi sliLted pktioiim o^pa, whicb B&ikoEF could not liriiig in con- 
formity witli Ilia ihcory of the catalytic elevation of tbe teniperAtUTQ (see 
*' Chem. Centralbktt " (iyO&). i. 1357) 

» V,'ied.,AHn, 58(189(1), 57^. 

* J<>Mrn. Frftnkfin Initl.. 150 (lilOO), 374. 

' Jour-.. Soc. Client, fwl. i. UH>2). lOl'i. 
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flame successively with eleiasuta of dimiuishiiig thickaesa^ we 
can extrapolate for the true temperature aa measured by an 
elemeut of zero thickness. If the thimieat element useii iu this 
process be not thicker than O'l mm., the eKtrojTolation is not a 
vary large oue, amounting to between SO^ and 1(10^ depending 
ou the thickness of the wire mud the lemperaCnre of the flame. 
If WG base our observations simply ou the readings of a thick 
tliermoelemeiit, tho iudicatetl temperatures will lie some hnn- 
tlred.-^ of degreej? too low. Waggencr found the temperature of 
the hottest pait of the Banson fltime U) be a little above 1785°. 
Berkebusch ' found it to be 1830", using au entirely tlilTerout, 
thoiigli, to be sure, not very accurate, methLid. Thia agrees 
with the fact first observed by Buusen, and later confirmed by 
Waj^geuer, Fery, and uthora, that a fine platinum wire can be 
bmiigbt to io'cipieut melting iu tho hottest part of a Dimseu 
flame. The meltiug-point of platinum lies at ITfiO". Fery, 
as mcntaoued above, found 1871°, a temi^ratiuw lying >" tl*'" 
same region. We obtaiu a similar value if we determine the 
heating power of illuminating gas with Junker's calorimeter, 
the amounts of carbon dioxide and of water pi-oduced from out) 
volume of illumiuating gas by c-omplete combuatinu. aud tha 
amouut of oxygen consumed iu this combuBtiou. From those 
data we can again calculate the heat evolved, and can then, 
again calculate from the known specific beats the maximum 
temperature attainable. Numbers of the same magnitude are 
obtained as l>efoi-e. 

These facta show us that the linear extrapolation to zero 
thiokneBS of thermoelement leads to correct values for the 
highest temporattn-e of tlio Bunseu flame. It leads to still 
more certain results at low temperatui-ea, for there the loss by 
radiation is much smaller, aud tho extrapolated temperature 
but slightly exceeds that indicated by the thinnest thermo- 
element. 

Tho thermoelement should not be left too long in the 
flame during a measurement, Waggener has shown that pro- 
liinged heatiug Iu the liame produces certain heterogeneitios 
In the platinuin-rhotlimn wire, which give rise to incorrect 
readings. 

If we are using thick thermoelements, we may measure the 
1 M'l'a^.Jiin., 67(1^9!)), 649, 
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electromotive furce directly by nieftus of a hi^^h-njsistance 

voltmeter. Thin thermoele meats liave such a high resistance 
of tlieir own, esfwcially wbea hoHeJ^ that with them we must 
always «^ the compeusaiiou method. 

Thy pysitiou of the two wires of tlio thermoelement id tJte The oBfect 

bes feUtive to ea'jili other is uot without effect on tiie B'eadings. ^^[iH|j„„ ^^f 
It is Dot advisable to have the wires leading to the juoction the nires 
parallel to one atiotber. Bfnding the wifes so that the ends in 
tlie ueighbourliood of tho junctioti are in the same straight line 
usually suffices to give good results. 

tt (3 import&tit, in iiiakitig the measure tneuts, to heat the 
two wires of tlie thermoelement symmetrically — that is, 
keep each at equnlly hot places in the flame. Auy one-aided 
beating of the wires near the junction introduces an error 
duo to cnnductioii of heat, and this is not eliminated by the 
extrapolattcm to zero thickness, but instead ie rather ncceatualod 
thereby. 

I have, in collaboration with Richanit. measured llift ^tem- 
perature of ibe JSunsen flame thcrtno-electiically in order to 
dotermJnc ibe water-gas equilibriuin existing' there. Our 
results, which have beeu contii'med by Altuer, were prveented 
in the Fourth Lecture. 

Let us examine the Dunseu llame a little more carefully, Tlit> 
in order to better understand the method of ineasuremeiit. a^^" 
This flame presents quite a different appearance if the wr- 
supply, which enters at the draught bole of the burner and 
mixes with the illuminatief,' gas inside the tulw of ibe burner, 
is altered by even a verj' few per cents. If we let the fiaqie 
first burn luminously, and then by slowly opening the draught- 
hole increase the air-aupplj, tlie luminous part of the flame 
first vanisbea, and an indisthict sepamtion occurs into an innur 
and outer cone. As the air-siipply is further increased, the 
inner cone becomes very much smaller and more sharply defined 
and brighter. Its colonr is now a prouounee<l green, ilifferen- 
tiating it clearly from the violet of the outer flame. Gas-flames 
of Ibis type are generally obtained in ihe lalwratory by means 
of the so-called Teklu burner. Tlie tnodoru domestic gas stove 
always furnishes such a flame. Every Auer burner, after its 
mantle and mautle-luilder have been removed, attuj gives a llame 
of this character. 
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If we produce a flame of this kind with a Teklu burner, we 
find Ihat tbe inner cone burns with a loud noise and a fitful, 
rapid to-aud-fix) motion. To convert this into a quiet and 
perfectly steady flame we need only to lengthen the tube of tlie 
burner by a few decimctrca. The unequal mixing and cross- 
curients in the short tuW are evidently the cause of the 
unsteady buniing. AU the equilibrium measui-ements were 
therefore made with the flames from Teklu biimera whose 
tubes had been lengthened about a half a metre by means of a 
glass tube of the same bore. 

We are accustomed to say that the illuminating gas bums 
in the flame. Tlie expression is inexact, for nothing is burning 
in the flame. The flame is nothing but a mass of glowing gas 
surrounded on all 3ide3 by an extremely thin zone in which tlie 
coinbustion is baking place. 

This boundary is represented dia^amatically in Fig. 17: ah 
is the opening of the burner; ahc representa the "inner cone," 
adh the ^' outer cone." In the inner cone the 
fj mixture of air and illnininating gas bums to a 

niixture of nitrogen, carbon monoxide, carlxm 
dioxide, water-vapour, and hydrogen/ Since tlic 
four gases CO, Ha, COa, and HaO are connected 
by the water-gas reaction, we may say that the 
Inner cone ftimiahes water-ga^ diluted with 
nitrogen. In the whole apace between inner and. 
outer cone oxygen can never lie detected analyti- 
cally.^ This is tlie basis for the statement that 
fa nothing can bum in the flame. In the outer 
cone adh everything that can bum to carbon 
dioxide and water- vapour doea ao. 
rw. 17, The relative position of outer and Inner 

cone is governed by a simple e<]uation. The 
iuner cone represents a stationary explosion, Its position 



' In addilioit to these, iii«tLaiie iaaonjetim^a fuuuti iii miall quautiticp. 
(Sec Ap|)en(lii, No. IX.) 

* Such tmcea bh correepund lo die eqiiilibriQ 211, + 0,^211^0 anil 
2C0 + Oj ^ 2<."0i,. Tlicso Iracee must be eslrcmely Bma]], because the 
excesh of H» niid ^Q [ir«Bi(Mit m the flame stamle in Hie wny yf the ^JiMqciatlon, 
whicli Gvtin in [lure H,0 nnd CO, only nmuuHts lo a very sni&ll value at the 
temficratiire of llio flame. 
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confoniiB to llie condiLion that the mte at. wtucli the ignition 
is proi>agatetl downwanl shall uqnal the rate nt whiuh the 
entering gas mnvea upward. Michelaon* iiseil this relationsWp 
to determine the rate of propagation of explosions* 

The position of the outer cone is governed hy the condition Tho 
that the amount of oxygen furnishe*! per second hy the aur- ^^^^° 
rounding air shnll jnst suffice to burn the combustible con- ooter cone. 
stituents coming from the interior completely to carbon dioxide 
and water-vapour in the same interval of time. 

The zone (Ac is but a fraction of a millimetre thick, and the Tlie lom- 
gas passes through it in about the 0001 part of a second, ^r?^'^"* 
The thickness of the zone adh is not very eaaUy estimated iTmerccwi©. 
with the eye, but it is undoubtedly of the same order of 
mognituda 

The tenifterature in the zone ac6 is approximately 1550', 
under a strong draughL This part of the ilarae was formerly 
considereii to be much hotter, judging from its hrightneas. But 
the thermoelement gives no indication of this. Arguing from 
theoretical grounds^ it has been claimed that the tempernture of 
thia ^one should be higher than lauO", because the gaa must be 
heated by the combustion zone uci laefore it reaches it, and d.hmild 
therefore attain a higher temi>emturo when it burns itself. That 
ia. it has been coocluded that the gases reach a higher tempera- 
ture than they would did they depend airaply on their own 
he«t of combustion to raise them from the temperature of the 
room to that of the burning goses.^ Thia is a mistaken con^ 
elusion. Every burning layer in nic must give off durvng its 
burning just as much heat to following portions of the gas as it 
received itself from earlier hurning jmrtions. It therefore does 
not attain any higher temperature than it would if it burned 
without previous heating, and was simply heated by its own 
heat of radiation. We can calculate what this temperature 
would be knowing the composition of the gaa leflnng the zone 
ath. lUcimrdt and I have actually made this calculation, and 
find the .^aiHe temperature of 1550* within the limits of experi- 
mental error "."if the thermoelement. The bright green colour 
of the inner cone is therefore only lumineacence, 

1 TTiad. J nn., 37(1893), 1. 

' Mallard ticid Le Ghntelier, J«ti. da tniMi (6), 4 (1883), 344; Oony, 
Aim, rhim. Phtjg. {h], 18 (187!'). > 1 Micheladn, ^oe, cit. 
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The hent losses from tlie combostion in the zone acb are 
sinalL Miiche ' has investigated theoretically how much heat is 
abstracted by the incoming current of unburut gas. If Oj, be 
the specific lieat of the gaa flowing into the combustion zone at 
constant preaaiire, <-•,, the velocity, and po the density of the 
gas mbtture, both referred to 0^ and 760 mra.j nnJ k the 
constant of lieat conduGtion, then— 

k dn rfT „ 



Diflirilni'- 

tiou of 
tompe- 
mture 
between 
tho conea. 



T here sif^nifies the temperature at a distance x from the flame 
on the side of llie inllowiug gas. Integrating this formula and 
substituting valnea fur the case of hydrogen burning in oxygen, 
Macbe found that room temperature prevailed at a diatauce not 
more thnu a few huudrcdtlis of a utilUmetre from the outer 
boundary of the fianie. No iwirceptihle loas, therefore, takes 
place in this way. There is, of course, a certain loss due to 
radintiou, but it is so small as to be negligible. 

The gas has no opixtrtunity Xf) lose any heat between the 
inner auJ outer cone. ladeed, it must become wai'mer as it 
approaches tbo outer cone, for there the gases already heated to 
1550" burn completely, the temperature rising to I8iiO\ as 
mentioned above. 

The fact that we find the temperature rises as we move our 
jnnetion horizontally outward from the vertical axis of the 
flame toward the mantle luih agrees with this conclusiou. The 
reason that we tind in fusion experiments the outer parts of 
the Qauie not to be us hot as other parts is simply due to the 
vibration, of the flame. Unless the object ia sunk deeply into 
the flame, it comes in contact with the cold outer air, Tlien. 
too, heat is conducted away by the supporting device, unless 
this is also heated by the flame. 

The temperature gradient from the outer toward the inner 
cone IS much less abrupt than from the inner cone into the 
inflowing gas. There are two reasons for this. In the first 
place, the hot gases in the region abc conduct beat very much 
moi-e readily than do the inflowing gases. The coefficient of 
heat conduction increases approximately proportionally to the 



SUiwiifiibtr. Yitmia Acad., 10& llu. (18S9), 1162. 
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square root of tlie tciiqierattirc (Mache, \m. df,). Then, tao, the 
velocity of tlie gas is smaller m tlie nUio of the sutfaces uf 
the two mautlcs tulh and tu:h, so that the heat conduction can 
progress further ami more quickly into the indowing gas. 

We caunot diTQCtly investigate the composition of the gas 
mixture in the Bunsen flame. This is due to the fact that the 
product of combustion in the luwer parts of the outer mantle, as 
they rise, work tlieir way into the interior of the flame, and 
dilute the gases there present. For this reason the normal 
temperatiud conditions are somewhat displaced, particularly in 
the up^ier part of the flame. 

We may, however, arrange conditions which permit an spiitiing 
investigation of this poiut if we dispose of the outer cone, ""^ i*""^- 
Teklu, as well as Smithells and Ingle, hit upon this device.^ It 
was very simply done by fitting a glass tube of suitable 
dimensions over the end of the burner tube. A stopper is made 
to fit tightly between the burner tube and the outside glass tube. 
The relative sizes can be seen from Fig. 18, where n sicale divided 
in centimetres is included in the photograph. 

The inner cone arh bums quietly at the top of the burner 
tube. The outer cone bums higher up at the openiDg of the 
outer tube. Since the gases now find opportunity to cool off on 
their way from inner to outer cone, the temperature conditions 
in this latter are naturally quite different from before. 

The outer cone is not nearly su hot. The inner cone, on the 
other hand, suffers no change. The entrance of air into the 
space between inner aud outer cone is wholly prevented in this 
arrangement, and samples of gas may be removed from it for 
aualysis. For this purpose we may hang a capillary tube of 
porcelain down from the edge of the glass tube, or, as in Fig. 19, 
we may insert a double-walled platinum tube through the aide 
of the glass tube. This tube may be moved in or out, and water 
kept flowing between its double walls. If this water ia kept luke- 
warm, and the tube is brought cluse over the tip of the inner 
cone^ the gases experience an extremely sudden drop in tempera- 
ture, and yet the temperature is not so low that water -vapour is 
deposited from these gases on the walls of the platinum lube, 
lu tliis way we get the gases in a suddenly cooled condition 
without any loss of water-vapour. If at the same time we hang 
' Jmr, Vhem. Sec, 61 (1892), 204; ^o«r.fWic(. cftrnjc, 44 (ISai), 246. 
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uiicloBoJ ill quartz capillary tubes, which may bo luwered iuLo 
the outer tube. We cau easily briny these ca])illary tubes to 
any symiuetriutil places iu the Qatuti with exactness by means uf 
ibe tioe adjustments provided. ExtrajKiliitiog from the readings 
of the two thin elemeuls, wii ean duteriuiue the tenii>enituru Tur 
a tliermoelcmeat of zero tliiekness. 

It ts Bot as easy to detenaine the composition of the gas. Anulj-Bia' 
samples %v*ith the required accuracy as one might at first think. " ,*; 
The great quantity of atmo^pherie uiLrogeii dilutes the giL^j and u/ j^ue. 
reduices the pci'ceata<;u of the other gase.s. If we attempt to 
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detonuiuo the carbon monoxide, carboa dioxide, tiad hydrogen 
volume trically, and, knowing the compositiou of the uoliurnt 
ga-i, calculate the amount of water-vnjwur, the results are 
uncertain. But we get very satisfactory results wlien we re- 
member that we may coaaidertlieeqiiUibnim coTietast (p, 113) — 

.. _ Cm,o X Ceo 

as the product k x k' of the two quotieats — 

*-'hjO 1 . *^oo 
'-'COj ^Uj 

We may determine the value of one of tiieae quotients by simply 
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Conducting tlio ■,'as Lln-ough llie absorptioa tubes used iu an 
tirdinaiy organic combustion analysis. The otlier quutieat may 
1j€ determineil by a single combustiou over mercury of a sample 
of the ga.s freed from carbon dioxide. Kaowintj the contraction 
accompanying this, the coDautiiption of oxygen and the amount 
of carbon dioxide fortned, we can calculate, not only the amount 
of cai'ban monoxide and hydrogen pi-eseutj but even tliat of a 
third compouent, say melimne. The eqnationa here used are 
those developed by Bunsen ' for the combustion analysis 
of gas. 

Wohl ^ has recently attacked these equations of Eunsen, and 
sought to auhatitute others in their place. If we arrange under 
"Cod." the contraction taking place on combustion, under COa 
the amount of CO-j prodiaced, and under Vu the oxygen con- 
sumed, all e.vp«ssed in cubic centimetres, we obtain, according 
to Bunseu, the folbwing table for the combustion of CO, Ha, 
and CH,: — 





CO, 


Vo 


Ctan. 


CO . . 


. . 1 


\. 


\ 


11.. . . 


. . 


\ 


u 


CH, . 


,. , 1 


2 


2 



of WoIiI'b 
fortnula. 



find consequently — 

CO2 = CO + CH^ 

Con. = JtCO + IJHa + l^W^ 

V„ = iG0-f-iHa + ;jCH4 

IHi© quantities of these three gases con be calculated from 
these three equations. But Wohl objects to this, saying that 
the quotient of the molecular weight itividei.1 by the density 
at C and 76 cms, approximates veiy closely in the caso of- 
hydrogen, carbon monoxide, and methane to the value 22"41 
for an ideal gag, but that in the case of carbon dioxide we 
get a very divergent value for tliis quotient, namely 22'2(3. 
He thei-efore concludes that Avogiidro'a rule does not apply 
here, and constiquently that Bunseu's equationj; cannot be 
accurate. 

We consider Wohl'a objection to be quite invalid. Wo 

> "GiiBoiiiuLriachn Mulliodcn," 2]i(loiJit., 1877. Second scctJun. 
s hcT J. <feu(B^ic» Vktm. Oee., 37 (1904), 42tt. 
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obtaiQ ft-oiii Vim der Waal's formula' for the relation Ijetween 
the pressure, volume, and temperature of a gas — 



(p+"Of''-*J = ^^ 



the fullovving relatiuu between tlie molecular weight M and 
the density rfo of a gas at 0° and 76 cms. — 

Van der Wash found « and & to have the values — 

a = 0-00874 
h = 00023 

for carbon dioxide, and consequently — 

~ X 1-0OS4G = R 

M 
Wohl's value for -r = 23*26, therefore, gives an entirely correct 



value for E if we multiply by the factor 1"00G4(I. Tlie ileviation 
from the value 22'41 is therefore solely due to the fact that 
carbon dioxitlc is not a perfect gas at CT and 7ii cms., and has 
nothing to do willi Avogodro'a rule. 

When the pressure of carbon dioxide is reduced to one-third Jii6iUl«i. 
of an atmosphere or less, its deviation from the behaviour of an iip^n>, 
ideal gas is so small as to be negligible in analytical work, fonunla. 
One can easily convince himself that this is true by making 
iise of Vau der Waal's eiiuation. Of course there is no question 
but that we are iuti-oduciu^ a perceptible error when we assume 
that 100 c.c. of carbon dioxide are formeil by the union of 100 
CO. of pure carbon tuonoxide and 50 e.c. of pure oxygen (all the 
volumes beiu'j; meaBured at 0" and 76 cms.). Indeed, we should 
only obtain 994 vol. But it ia quite unjustifiable to ascribe 
any universal significance to this deficit of 0'6 per oent., and 
to suggest an alteration of tite Bunsen formuhE on this ground. 
Besides, it is very seldom that we have pure caihon dioxide 
formed in a goa atmlysis, lusteiid, we usually obtain by 
eT^plosions mixtures of which only a fraction is carbou dioxide. 
The use of Bunsen's eqmitiou assumes the gases to obey DaltOfi'a 

^ Van der Waale, " Kontinuitiit," etc. (Leipzig, 18{>!]-1»00), vuK i- p. 86, 
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law of partial pressures, according to whicli the total prussi 
equals the sum of the partial pressui-es. If the siogle 
deviate perceptibly from tlie fundamental gas law — 

as carbon dioxide does at 0° aad 76 cms., then Dolton's law is no 
louyer strictly fulfilled. In this case it isabsulutely im^wssible 
to calculatetheresuUsof analyais by using tised correction con- 
stants lu Buoeen's equations^ as Wohl advocatcsdoing. Instead, 
it would Iffi necessary to determme frosli constants fur eacii 
gaseous mixture by a special investigation. This is evidently 
quite iinpossibte in the ordinary practice of gas analysis. Tbo 
Ihing to do, then, is not to attempt to improve Buasen's equations, 
but rather the condUicms of the analyaU. This i;aii lie satis- 
factorily accomplished by never allowing the carbou dioiide 
content of the final gas mixture to exceed 35 per cent, 
Thoiretw- The analysis of the gas taken from the space between the 
two coQies show^ that it made no dift^nce where in this sjtace 
we took the sample from. The ratio (p. 118) — 

OHgO X Ceo 
Ceo, X Oh, 



4 

i 



gan eqiil- 

libriam 

iulhe 

StlDHD 




therefore, does not change as the gases rise from the inner cone 
and cool several hundreds of degrees in temperature. This 
applies equally well to a Hanie from u luijsLure of air and 
illumiuabing gas as to one from a mixture of air, iUuminating ^m 
gas, and carbon dioxide, although the temperature at the latter ^| 
is lower. Thus, saiuples taken in one case (u) from just at the ^^ 
base of the outer flame, and in another (fc) from just above the 
tip of the bright green inner cone, gave the following values for i 
these ratios : — 



u . . 


. 3'54 


5-58 


2-74 


2-89 


2-92 


2-97 


2-51 


b . . 


. 3-5i) 


'2 ■08 


2-86 


2-77 


2-8'2 


312 


2-87 


t°c. . 


. 1551 


1313 


1305 


1265 


1265 


1230 


1255 



The temperatures as tbenuoeleoLrically measured are ap- 
I)ended- 

Ou ctoaer scrutiny of ihesG numbers, it appears nndeuiuble ' 
Ibat those six experiments wliere tlic temperature waa depit'ssed 
by the presence of carbon dioxide yielded much smaller values 



THE DETERAflNATIOX OF GASEOUS EQUILIBRIA 309 



&3 the first one carried out ic absence of COj. Tliey coiTespond 
lN)t}i cases to the Values we found liefore (p. 143) fur tbe 
iter-gas ie4uilibritim, It seem* probable fi-oui tbis that iu 
the combustion of the liydrotarbofts in the imier cotie of the 
Tiunsen flame an equOibrium ig attained which readjusts itself 
so slowly that the gases do not alter their compo$ittoa as 
they rush throiigh the cooling space. 

A further series of experiments was carried out io order to 
decide whether or not eiiuilibriuni was reaJly reached. lUu- 
minating gas, and a mixture of illuminatiug gas atid carbon 
dioxide were used. They showed that efiuilibriutn Mag reached. 
Allner supplemented and coufii'med them with aimilar results 
for mixtures of methane, carbon monoxide, and hydrogen, of 
methane and hydrogen, and of benzene, carbon dioxide, and 
hydrogen. He further atudied the possible Hmiting concentra- 
tiona. The result was a most characteristic one. There was 
XiQ accurate adjustment of the equilibrium in the relntively 
oold flames (below 1100"), which he gat by burning mixtures 
of carbon dioxide and hydrogen, ami of carbon monoxide and 
hydrogen. On the other hand, when the flames were very hot, 
as is the case with a niixtui-e of benzene vapour and air (20OO''J, 
the gases changed their composition after thoy left the inner 
cone. It follows from this fact that below 1100" the interval 
of time during which the reaction can take place in the zone of 
the stationary explosion is ingufficient. Above 1200" equilibrium 
ia reached. The equilibrium is not perceptibly displaced during 
the period of cooling, if the temperature does not exceed 1500". 
If the flame is hotter than this, the equililirium is progressively 
displaced until the gas cools to 1500", when the eciuilibrium 
" freezes," to use our earlier expression. If, however, we increase 
the rapidity of the cooling by introducing a cooling tube, we 
should evidently get different results in the flame of 2000" C. 
than when we allowed the gas to cool slowly. 

These results may be more reailily understood from the 
accompanying table. The temperatures in brackets were 
calculated from the heat of combustion and the specific heats. 
The other temperatures were measured thennoelectrically, 
The calculated values of the equilibrium constant were taken 
fi«m the fifth nolumn in the table on p. 143, The values 
labelled "found" represent mostly the mean values from 
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several expertmenta, or the values extrapolated from geveral 
exjierimenta. 



Temivnturr. 
dtgrcr* C. 

COj + H, (690-1037) 

CO +11, SDO-lOSa 

CoHa -f CO, + n, . . 1190 

OsH. + COa + IIa . . 1280 

Cit, + CO, + Kj . . 124G 

CH, + H, C.1400 

lllaminalinggAB + CO^ 1255 

1-265 

1305-13*24 

1370 

IliiimiEiatinggaa . . , 1386 

„ „ . . . 1500-1510 

1525 



A tlLM* 
rl>^tiMll 
iliflcuBsioii 
or the 
U'clinicnl 
proOt^EB of 

wnlei-g&B 
m&uu- 



Ceo J X Ciijfl 

Funml. CilcDlUed. 

0-2 1-2-1 -8 i 



Ei[ulllbT5ii[ii l< ritit 

r-Mched. 



BeiMsene 



Cc.2000) 



5'24 



EqalllbrlntD i* fp«cli^ 

[□ tbc Inner oant ■r>4 



Sqnlllbrlnin. roiiniiiii«« 

tbc ciulln^ !«!□[ 
ov<rtili<u bctwKD 
I'S and 4o. 



tion. 



It 13 not 80 easy to apply our theoretical reasoning to 
actual practicp, a^ it was in tlio case of the nitric oxiile equi- 
librium, because the proceas 13 much more coiTiplicatcd. Water- 
gaa is technically prepared by blowing air and watiT- vapour 
fillcniately through a shaft of burning cool. 

The air-hloat j^eneratea either carbon itionoxtde as the chief 
product when run according to Huntplirey and Glasgow's 
method, or carbon dioxide when run according to the DelKviek- 
Flcisclier method. In both processes the coal gtoM's intensely. 
The steam blast generatea water-gas, and as it uses up heat in 
the formation, cools off the coaL It is therefure custLimar)* 
to alternate the two currents at quite fi-equent intervals. The 
steam-blast is continued each time until a flame shows the 
characteristic appearance of a flaiue fed by a very pour gas. 

According to the usual view^ two processes are here taking 
place — 

(a) U + HaO = CO +Hb Ki = 



'^XJCHs 



acil 



C + 2HaO = COa + 2Ha Ku = 



K„ 



*HsO 






'^HjOPOp 



When both of theae renctioas run to equitilmum, Et depends 
nn the tputperatnri' whether we get a good or a bad giw for 
heating anil lighting pui'i^hosea. WiUer-gae is poor wlieii it 
contains a great deal of carhon dioxide — that is, when reaction 
it) lakes place to any consLderable exltint. Here our object is, 
not simply to get as near as possible to the equilibriuui, as it 
was with the nitric oxide ; hut instead we wish to reach and Hx 
the equilibriinn at a particular temperature wliere reacti<;n 
(/») does not tatke place markedly. Xow, it is to bo borne in 
miud that these two reactions, (a) and (fi), arc connectt^d by 
the relation — 

Boudouard' has studied this third ef^uatlon, and Buda that 
the following mixtures were in equilibrium with coal (see 
Appoodix, Nu. VIII.) :— 



Pou- 

iloiuird'ii' 

eipcci- 

m«at. 



A t degrees 0. 
Per cetit. CO^ 
r«r coiit. CO 
CO 

C5: ■ ■ 



650 
CI 

30 

0G4 



800 
7 

03 

13 



4 

915 

24 



These numl>er3 refer lo a total pi-essure uf carl>on monoxide and 

' CompL nmd, 130 (lOOO), 13^? I!»U. Soe. Chim., 21 (18911). 712. See. 

too, Sclienck suA ZiinititiniiJitm, Berichfe d. D. C/it-m. Oei., 3<i ^lUOS), 12Sl 
ami 3603; alwi /rifscAr./ AVei/rocAam/e, D (190."!], filU; and Rnally Hoden- 
Bt»in'ii dtBciiasion gi»eii in i1i« same place. U ia of furtlj^r imj>oriaiice, in con- 
nection mtli p. STrff of tliifl lecUirc, tluit Ro4iilou»n] fouinl that cv«n nt 500° 
tKere was Mill 5 jjer cenL CO in eqiiilihritim wiiL 05 iwr ceul. CO, nt one 
fttmosphere |>ri.'ssurc. Uixnii {Journ. Chtia. fioc., 75 (l&lWl, 63(1) lioa 
ii[tiicl(.cd the viewer. |irOpoiinde<) nn yi. '255, and has soiiglit lo dlsCri^dit the 
expeirinnent of Lung, ivliicli favoui'td tliese views, LliiKon conducted carbon 
dioiiiJi^ ini^>.'d iviih B ]^vf cent. oxygatL over coiil at 5<JU°. If carbon 
monoxide were iLti i)njiiiiry product of the comliuatjon, there woulel necee- 
satily ho at biwt as nnid'h carbon monoxido in the issuing gbs as comispODded 
to llie cquilihrium. Dixon fouod less tlian oue per ce^nt. 1^0. Experiment, 
IheieCore, ap«al(-j ratlier for than ag&inst Hi* priiuaiy formation ol carbva 
dioiitlc. Brerelon Baker (PAi/. Tram., 179(18*)), r>7l)hiia obaerved that 
coal wt]] form carbon nionoiiile with eilremely dry osygen under cundilJons 
where cnrhora dioxide BtmiUrly dried liiia no action on coat. It is best, 
however, not lo he itiflu&liced by this consideration, for the extrenie drj'ness 
entire]}' alters the relative reaction velocitiee, nnd tnlroduceg passive resist- 
jinceia whicit 'lestroy ihe coiupcirslive value of Hie obeorvntiono. 
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dioxide equal to ime atmo*pliero. la the actual preparation of 
wnter-gas, the liydrogen pTesent lowers the sum of these partial 
pressures to 04 atin'ispliere. This tends to increase the value of 

CO 

the ratio ?^ - over whatitwouM otherwise be^forthe percentage 

constant of CO in eqiulibrium with coal increases with decreasing 
pressure. It is essentia! in actunl practice that tliis ratio should 
always he greater than 10. Looking at our table, wa may there- 
fore conclude that 750' is the lowest practicable temperature at 
which tiie gases are iu equilibrium with themselves aiyl the 
coal. And yet no sucli equilibrium mixture is actually 
established. A glance at the valuea which Luggiu calculated 
from Hanies' experimental results (p. 138) shows that although 
the four gaaea reach an equilibrium among themselves at 
temperatures between 760' and 1000"', they are not in equi- 

librium with the coal. For the ratio r^jr- is alttAys smaller ihaa 

it would be were equilibrium with the cnal estJiblished. 

Yet we recall how the water-gaa equilibrium "froze" at a 
wbite*hot temperature in the cooling region of a Bunsen flame. 
Here we seem to find just the reverse ; namely, that it adjusts 
itself at any temperature down to a moderate red heat (750"°). 
But the gasea were in a free gas aimce there, wliile here they 
are in intimate contact with the coal. To be sure, the time 
given the I'eaction to roach equilibrium i.^ shorter in the first 
case than in the second, but the diflerence ia by no means 
large enough to explain the difference in behaviour. We must 
conclude that the glowing coal accelerates the adjustment of 
the water-gas equilibrium without itself i-enching equilibrium 
with the gasea. The coal, therefore, acts upon the water gas 
equilibrium quite as platinum dews. It would ba of interest 
and value to determine wLiJt intermediate reaclion is reaponsilde 
for this behaviour. Here we should have always to keep in 
mind the fact that coal is l>y no means pure carbon, and that 
the intermediate reaction after all might be due in some way 
to a constituent of the ash. 

Glancing again at Harries' nuinbera, wo see that at aliout 
1000° the content of carbon diosid*' and of water-vapuiir has sunk 
liiw enough to meet ihc demands of practice. If the ateam 
ia driven through at a higher velocity, and under the in'egular 
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tempemture comUtioiis of an actual gas oven, it would be 
lecessary to place this limit sonjowhat liigli^r. It 13 plain 
"^iUat above some particular temperature, even in the techoical 
gn^j a coudctioQ most be reached at which there is equilibrium 
both betweeo the various gases and between the gases and the 
coal. Now, the pressure is Decessarily always very near the 
atmospheric. Consequently, according to our above conclusions, 
the content of carbon dioxide must sink at temperatures liigher 
than 1000*^ to mere traces which are no longer to l»e detected 
by volumetric analysis. 

But experience teaches that water-gas technically prepared 
always contains several percents of carbon dioxide. We may 
take into account the fact that the temperature in the water- 
gas sinks during the iujection of steam, and that, consequently, 
the observed carbon dioxide may be found toward the eud of this 
period. For the present we cannot give any moi% q^uantitative 
explanation. 

To recapitulate, then, regaitling the water-gas equilibrium, 

we may say that equilibrium is quite readily attained between 

the gases CO3, GO, Hj, and HaO. This equilibrium, however, 

only has teclinical impirtauce wheu the content of CO is high 

aud that of CO2 aimultaneoualy low. The location of the 

equilibrium l>etween coal, carlxin dioxide, and carbon monoxide 

shows that this is theoretically possible even below 800°. But, 

practically, the inertness of the coal prevents ua from obtain- 

CO 
iD(j; satisfactory values for the ratio -,^i7=r» "^"d consequently 

a I'avourable cou]i>osition of wuter-gas at temperatui-es below 
800''. The small content of COa which, theory would 
predict in the case of tliis equilibrium above 1000° is always 
exceeded to some extent in the technical preparation of the 
gas -water. 

The princi^hal technical interest in the water-gas is centred 
upon the question of the heating qualities of the gas mixture. 
The object striven for is to produce a gas mixture whose 
fuel value shall represent the largest possilde fraction of the 
fuel value of the coal consumed. The air-blaat which heats 
the coal is here of the most importance. It is particularly 
important whether we choose to regulate tliia bla-st so as to get 
carbon monoxide, and then make further use of this, or, instead. 
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to obtain dioxide and allow this to escape into the atmosphere. 
Calculations concerning these points have been made on the 
basis of the simple laws of thermochemistry, and have been 
treated so extensively in the technical literature of the subject 
that they may be omitted here. 




Rrobntlt the dissociation of carbon dioiide has been determined 
more nxactlj' by Nernst and von Wart^nbjrjt.' Their apparatus con- 
sisted of a porcelain vefwel in the fomi of n pipette, which was heated 
electrically in a piatiDiim inbe. The bulb of the pipette was mms 
7'5 ciiis. long and 2 cms. in diameter. The outlet tube was a capil- 
lary of (Vfi tail), inaidc diameter. The inlet tube wag 6 ram. in 
inside diiimeter, and through it a thenuoelenient Wiis insertecl. 

Pure dry carbon dioxide heated to dilTerent tempfntinres was 
blown through the apparatus. The issuing g'ases were collected 
in a weighed appiimtns filled with concentirated KOH and fitted 
with a nnrraw tabe for collecting the feivcubiccentimetrcs of uirban 
monoxide aud oxygen produced by the dissociation. Arrangements 
W'ere also maile so that a apark could be passed through the CO^ before 
it5 entrance into the pijieLte r by the action of the spark as much ns 
4 ])er cent. t'Oj was decoraposed. This being far in excess of Die 
aniotint produced by the dt^ociation at the temperatare to which the 
pipette vi^^ heated, forraatiou of 00^ instead of dt-com position took 
place in the pipette. Thtia the eqnilibrlum conld be nppronched 
from lioth aides. 

It was difficult to find the interval of teraperalnre whore the 
diiMociation was liivh enough to allow reliable dt-terminationB of 
the porcenLiige of CO anrl 0.j without recombination taking ptace 
in the outlet tube. Tbt shifting of the equilibrium hj tliis recom- 
binutiou WAS diminished as mnch as possibEe by the hii^h speed and 
rapid cooling of the gas in the narrow ciipillary tube ; Imt only in 
the case when the CO, was tjuite dry were the csperimenta BUece&sfnl, 
water rapour ncceIeraLin« the reaction lo an e>;lreme degree. More- 
over, the porcelain Etiln?, which was glazed on the outside, after some 
time became porona. This waa ahown by the fact that the CO 
and Os collected in the absorption apparatus did not stand in the 
tbeoFtitical ratio of 2 to 1. 

■ Odtli'nger JfaehricMen, \dO&, lloft I., and Zeitfchr /. phyaikal. Chtmit, 
56(1906), M8. 
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NotffiLlistundinR these- difficulties, es]3erimeuts of sufficii-nt ejiact- 
nesKwr-rt' iTiivk'ii-fc 1 1 37° '-'■ unJ li''i.'i''C-, and a tliifd value was dtrivvd 
from fliiiiilar determinubions nf the wiiter diasociiitioii, using Huhn's 
(sue p. l;i;i) data oa the n»ter-pas rquililjriom. 

These figures are collected in the following table : — 



fOC. 


1 
T^ lib*, 1 -r % round. 

1 


f %ea]ffuUtcd. 


1027 

1127 
1205 


1300 
1400 
1478 


000414 

fH J u>02 
o■02Jl-^^-o:l5 


O-0O389 
00138 



K.« 



Tlie valiieft of J' mean 'Ciw. pei-centa{,'e of 00^ which has dissociated 
under u prtssure of one atmosphere. 

The ratio of tbis value r to the constiint of dissocfution is ea&Cly 
dfdncL'd in thu following way : — 

In the equatioD 

the first term of tho qnotieiit, whi^^h is iodi^peiiidf^Qt of the UDtta 
chosen, iiiii}* therefore be replaced hy the cxpresBiou — 

lOO- J 

r 

Oo the other b«nd, the diBBociatioii of -f per wttL of CO.. ioereasa 

the volume in the nitio of 100 + 0-.'jj U\ luu. If the totiil pressure 
reuminHunt'fttmoHpbcre, the pjirLial pressure of the oxygen becomes — 

100 + o"t« 

tlierefore the complete eipresaion for the eqailibriiim oonsbant takes 
the following form : — 

Vioo + d^ 100 - 1 , _^ _ 



4 



_ K)0 - s 



0-707.r 



■7,* 



For terapeniLurGS below lOOO" where x is leas than nuity this 
may be Bimplitied to— 

The vahiea for if calcnlafced by Nernat and v. Wartenberji are 
biLstHl ujKDn tbv deU-TUiiundona of thu a|ietifiL- \\v\\\a liy HolUom and 



AiuLiU' TLt^u beuLti, rockuoi^d i>y Nern^t 'lud v. ^VMrUitiherg^ for One ^^^^^H 
iQol at coiLsLaiit vuluiuc lietwueD abaulutc zero and T, arc for u ^^^^| 

]icririiiiit;Db guis — ^^H 
= 4-(;s + 0'000:i6HT ^^H 

aad fur CU, — ^^^^H 

t, = 5'106 + 0'0I>334T - 7-bJ X ItT"' ^^^| 

Therefore the beat of formatioQ of one mul of CO-, ut cousiimt ^^^^| 
Volume h>i4 tilt' Value — ^^^^| 

Q,= (17,7UU+ riH&T-0-Utl29iP + 0-735 X lU^^r* ^^^H 

'i'liu beat of formatiuD uf the mime (juanLit/ uf CO, at coiiBUkut ^^^^H 
prctisure thercfoTO is — ^^^^H 

Q,. - i;7,7DO + 2ti07T - O-OOaitlT -1- 0-735 X lO^T" ^^H 

C^ilculiLtionH bused tij)OD the specific lieats ae deLeiiuiaed hy ^^^^H 
Liiui^en (^ivti approximutely tlie sume valaes, as i^ao hts seen from ^^^^| 
the fijIlowlDg tuljle : — ^^^^| 


^atMolabt, 


i found. 


X calcBlaled. ^^^^^H 


1478 


01)0414 


0-U43 ^^^H 


The free caerg; formaJa in the latter cuse is — ^^^^| 

A = (:7440 - 2-42TiHT + 0'0(I17T' - 4-56T Iog„ -^^ i - a'9oT ^^H 

This i« the Kume fonimU sa gtveti in the text uii page IGD, only ^^^H 
nith a different value for the tliermodjDamJcalljr uiidctermiQcd ^^^^H 

CoQipariDg the resnlls of NvrDst and v. Warteu^rg n-ith those ^^^H 
of DeviJIti, we notice that the temperature nbich correapoDds ^^^^| 
Ui Deville'a r^iilU ta not 13U0% but UOD°. This is surprisiug, ^^^| 
beciiuse at 140U° C. the etjaLlibrium changes Very rapidly lh the ^^^^H 
outlet ttilje, and DevJIle did not use any special device to hinder tbts ^^^^| 
' change ; thus hia rcault is difficult to under&b&Dd. ^^^^| 

The Ii;j:Qri^& of NltusI. and r. WartenlH-rg have been confiriiicd Laa^- v^^J 
by Langmnir,' wliu passed CO.^ alony a platinum wire healed "'"!'' ' ^^ ^H 
elct'Lrically. Tbe tempt^ruturc of the wire wag dHcnuined from its ^^| 
resistance. The escaping gasea were collected and andyzcd by the ^^M 

^K ■ Juar. Amrr. Ofum. 8oc., 28 (1006), 1357. ^^^H 
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dU. 



Tlieoiy of 



Bttme method as that eoiployed h^ Xernst flad v. Warteaber^. 
Us[A.ri]iienl8 were miwlu betiveeu X^Y^^f and IS'JO" C, Ihi: values 
obtiiincd beiDfj in close a^reemcDt witli those of Nerost and 
T, Warteiil)e]"fr. 

Aa these detenniQatiooH of the cqutlilirium are rtstritted to a 
rather Small interval of tefnjicrattire, it i"8 fortunate that a direct 
method has be«n found far dttermining tlie free energy of furmation 
of CO] and 0, in a rcversiblG galvtiolc cell. It had olniadf tieen 
gbowii by Warburg ^ that glass ia am electrolyte at hi;,'h temi>eratiircs, 
even whiiti in the flolid ati^te. He found that ii current may be pro- 
duced in a cell with sodium amal^'am aa anode, mercury ua cathode, 
aud ghiBB as ckcirolytti, which LransportB the c|uaLiti(.y of sodlnm 
through th« jpdass corresponding to Fiiniday's hiw. Tha lUiLhor, in 
cummon with MoatT,* pladuiZLd the lower eiida of ordiuary teat-tubcs 
both inbide and outside, and heated thum to the boiiiug-poiut of 
fitdphnr or iihoBphoniiS penUisQlphidu, that ia to say to 445" C. and 
^jltt" C. respectively. The outside surface was suiTounded by air^ 
whilst the inside ivtis filled ivitb niixturt'S of CO3 aud CO, or of Oj and 
N-j. The platinutn films on both sides of the glass were connected 
to a compcnBation apparatna by mca-na of isolated platinum wires, 
BO as to determine the values of the E.M.F. originalod betweea tliera 
by the change of the nuiurc or of the composition of the p\^% inaide. 

The theory of the cell will bucoioe clear from the following cod- 
aideration. According to Warbni^, if a current is flowing thraugh 
the ■rliiBs, tuily Bt>diu]u ions migrate, trausportiug the electricity 
from the positive to the ne^iitive pole. If tht^rc ia uo osyg;cn «t 
the negative pole, these ions will he set free at the electrode ; 
in the presence of oxygen, sodiutu oxide will lie formed to an extent 
of one eLinivalent for every B6,')4u coulombs. At the otUt-r ehTtrodg 
the saiuo quantity of electriuity sets free one ti[nivalent of SiO, from 
SiUj" ions ; if no osidizable sulistance iH preaent at this pole oxygen 
will be liberated, while in the presence of 00 an equivalent amoant 
of 00a will be formed, SiOj in both cii«« remaining in the glaas. 
Hence it fmllowa that the passage of yG,r>4U eoulomlis will use np one 
etjuivaleiit of 0, at one pole, and produce one equivaleDt of 00^ 
from CO at the other pole, the glitsB becoming at Che eame ticue 
more filkaline oh the oiygeu Bide and more acid on the carbon 
monoxide side. 



' See Warburg and Tegfllmeier, Wi&i. Ann., 32(1887), 447; 35 (I888), 
465; Scliiilixe, Witd. Aim.,Z^ (1^89), Gtil ; Tegetmeior, Wind. Ann., il 
(ISUB), la; ami Koberls-AiiBlon, f:»gi«cering, 59 (1805), H2. 

» Ziril»chr./. EtKirvchsmie, lOW. 594. 



ThisBjBtem is of a similur ty\Hi to u t-cll corapoand of an electrode Comiuin. 
of chlorine mid one of silver covered ivitli silver chlorido ia uB^wiil' 
solution of HCl as eleclrolytc. It is well knriwrk that iu thjg ciwc the chlorine 
source of the taergy may be nttribiited to the fact that the e^jtulibrimu '^^'^' 
preaaorc of CI gas over Ag^ and Agl_'l is different from the presaare of 
the gaseous Cf, at the chlurine electrode. So this Bjstem rowy be 
looked npon as a concen trillion c^Il, by the opetatiou of which the 
pressure of the chlorine falla from ita value at the chlorine electrode 
to the value corresponding to the eciaiSibrium 2Af/ + Ck^^Arf CI. 
Ill exactly the saine way the tit^nieiit of Habcr and Moser derives its 
potential from the difference in the presaare of the oxygen, present 
in a large Htnonat ut one electrode, but at the other only in the 
iiDpi.-n:ept]ble traces whi»;h satisfy its otiuilibrimu with CO nud GOi 
according to the equation — 



->-(!^:^£f 



The fact that Haber aod Moiser did not Q]i,'astta- the K>M. F. of the 
cell directly, Irat instead measnred alternately the values for one 
mid for the other electrode against the aanic air electrode, does not 
alt«r this consideration. There is, however, adietiQctioD between the 
case of the chlorine ektucut which we huve iiDitanced n.nd that of the 
glass element. In the case of the chlorine ehni>L'nt the dissociation 
pressure of chlorine over the two-phased syBteni of Ag and AgC! is 
invariable ut a given temperature, while in the case of the glofe 
clement it depends on tbc composition of the gaseons iniiture 
accordiDgtotheaboveequatiun. It niiiy be further noted that when 
H current is flowing tbrotigli the chlorine oell an iucreikse of acidity 
takes place at one pole and a decrease at the other, jost as in the 
case of the glass cell, diffuaion in both oasca tending to coutttenict 
thiseffect. If measurements are miide by means of the compensation 
method, this change of concvntriLtion Ijecome^ zero in botlt cases, 
because tio current is tiiken from the celL 

The proof that the gla»i. element really derives its e.m.f. from 
the reversible reactiod — 

C0 + iO,^C0, 

is bJiowq by the fact that on one hand diffci-eut mixtareg of O^ and iiosuita 
Nj, and on the other hand different mixtures of CO and COa, give T'^'^n 
differences in c.m.f. against the standard air electrode, aa require^ 
by the formulae — 
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Tlie following uieiuiurciuentH muj' Ik quoted us M-i cx&mple or the 

results obLaiucJ ; — 



Compo-tiLion oT the 


E.iu.f. of Ibc inaida 


Difftmnua in volt*. 


tuLi«> 1 ail electrode. 


PoDud, 


OUciiUted. 


0, = [H6 % 
K,= 5-4^ 

CO,. = 07-9 'V. 
CO- 1«'S 
N,= 0-5f 

0, = sti-e % 

N,= 5-4% 

COj = y79 % 

CO ^ I'S X 

1 N,= 0-fi% 


+o-oes volt 

+(H)90 „ 


MJll 

1-OU 

I'OU 


1 

1-013 

i 

1013 
1013 

4 



The calualtitioa wiis carried out occordiog to the fonnula on p, dl7, 
where — 

A = 2 X U0,54U X 0-2311 X e.ra.f. = 46,20U X e.m.f. 

Another property of blie glaaa may he mentioned in conuectign 
with this example. Dame);, ttiiLt tlie ouUiide aod inside of the tube 
often show a smaU, mbher couBhiub diEcrepaDcy from the calculated 
i?.in.f. Thus in tbfi case qiioted t-Iie lii-H5 per cent, 0, miztnre 
gives a potential of 88 milliyolts against the air electrode, whilst it 
filiould give at a temperature of 717** tvhaolutc, at which the eipuri- 
mcut WB3 performed, an e.m.f. of — 

StG-4 

B = O'tmaaii logi-^o^i) = o-oiss volt 

The discrepancy of 0-0565 Tolt ia due to tbia property uf the glaea. In 
most case* these resiilual electromotive fonss are very much suialler. 
The fttct that the e<iniiihriuta — 

requiree at temperatures near 500" only Binall percentages of CO 
hinders one from nalng in the elemeut mixtures containing much 
CO without niceiiit,' the temperature tip to tlno" and hii^lier, while 
on the other hand the potential of the piatinam does not easily 
reach at (iuu" and higher the Lhcorctieal vahie corre8[K)nding to 
these mixtures of CO and C'O^. 
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\Vhile these meaaureuieiits of tiie e.tu.f. g;ive ua tlie energy 
of llui formiiLiou uE CO, in the aeigLbourbood of IMf, we may, 
by tlie aid of Lowensbein's ' detcrralnatione of the density of CO, 
imd by Kmicli's^ cx[H:riuiGQts on the forniuiiou of iridium dust in 
itir and CO^, guia soiuc kuuwledge as to the extent of diasociatioQ at 
very hif^'h tempfimtures. 

KoweDBtein asod an aEnparatna similar to that employed hy Victor Lowen- 
Meyer in hia Jeuaity deter mi iiatioiis. The bulb was of pltitinQm, and ^^^1^-*^ 
Wits heated electrically up to soiul- 15JU'. The outlet tnbe was replaced raeWra- 
by a horizoutal cupillary tube uoutaiuing a short thread of mercury, ''"^^'''*- 
by the sliiftin^ of which Llie txpausion of the gaij could bu iiivasurcd. 
The appunhtua w;ui Hlled vrithCO^^aDd then u smiill piece uf alumiuinm 
drupped in. According to the equatiun^ 

2A] + 3C0, = A1,0, 4- SCO 

carbon dioxide was rfduced to CO. Therefore dissociatioa existing 
iu pore (_'Uj wiiS dlminifihed to an imperceptible titent by the cuiisa 
action of the CO. Overlooking tlio minate incrcaae in volnmt- due to 
the iutroductiou and oxidation of tlie alLiminium thrown into the bob 
bnlb» there Bhonld Liru l>e«n no diacige in vutmne, supposing that the 
COa is nndisaociatud and that eiinivaleiit wtighta of 00, and CO have 
exactly the same volume tiudur the same pressm-c ut the temperature 
of tbc experiment. Taking into accuuiit tlic iuHucnec of a small 
amonnt of oxygen prcACnb in the CO., LdweDBteiii derives a dissocia- 
tion of I)- 1 p«r cent, from the obfli-rved chan<;ca of ToUime. Accord- 
ing bo Nerii&t and Wartcnlwrg the dissociation ehonld amount to 
U-56 per cent- at the same tern [k; rat ate, 

Emich^B eiperiments Wl'Tl- esirried ontat still higher tcm()cratureB. EmlcL's 
He made use of the results given by Holljorn, Helming^ and Auatiii,* p^J^". 
regarding the formation of nu-tallic dust from atripa of difl'erent 
metals when heated eleetrically in different gases to variona 
tcmpemtureH. Iridinm was found to produce dust in especially 
large quanlities, Tiiryinj; with (he nature of tljc gas in which it woa 
heated. No jpiB had bo marked an inflnence on the phenomenon as 
oxygen, the quiintity of dust prodnced in puK' oiygen being eleven 
limt-'s an givat as tliat in air at tbe same pressure and tn'Qiperutnre. 
Euiich points out tlmt at i'lfui" pure N^., as well as pure CO. doe* 
not prodnce any appreciable iinuutiby of dast. On the other hand, 

t irMi»cAr./.j9fty*ifc. cAwniV 5 (l'.»06), 707. 
» Mfmatthn/te fv.T fh'mte, 2(i (IWS), 1011. 

^ WitKntefu^tliche Abhundhun^i der jAyaUculiKh techniMim Beichs' 
anitalt, Bd. IV. (1907), 8T 
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Gmtob*B 

detartni- 
nntion of 
the dura- 
tion of 
outflow. 



Summary 

uf tlio 

resulU (III 
CO, diBiW- 



lie finds that the auiutiut of diist prodnced for the game (.emperalore, 
iu iiu atmo9p1itirc of CO,j is tbe same as that produced in au ^oiu- 
sphere consiBting or 4*!l pei ceDt. Oj and Itlj'l per cent Ng. From 
these rJ!sult^ he conchidi;s that for this temperatare and under a 
pressure of one atmoflpUfiv carbon dioxide is diBsociated Lo sacU an 
exttnt thiit ^'U' per ct:iit. oxjgea Is present in the gt^. At 1971^" be 
liiids thiit piiihablj 2'2 per cent, oijgen U prodnccd from the COi 
at one iitmiu&phcirc pn-saure. 

At 1 'iKyyf the diseociatiou as foimd bjr the same mebbotl is very 
Biiiall, its Bumerical value bjiiig eymewhere aboot O'l ptr cent. 
Calculation of the percentage of disBocintioD at the other two 
tempera tnriia givea for 1970'^ i'S per i.'eut„ and for tVhKi' Iti to 11 
per ceut. 

The teniperatuita in these L'lporimenta were measured photo- 
metrically, accordiuj; to Holboru and Kurlbanm's method described 
iu the litet lecture of thie book. 

It may bii mentioned that these results which Emich obtained are 
not in iig^'eemeut with those he found by another method.' He tried 
to had the dwrciise in apparent density jiroduced by the disaouiiitiua 
of 00a at high Lemporatnrc, aceording^ to the well-known method of 
BunseiK The time which eaine volumcH of difTerent go-WB tuki; to paiss 
through a uurrow opcjiju^ is proporLioual to the equarc root of the 
deuBilles of the guSL^, Emiob determined the rutio of the durittion 
of flow thron^^h im iridinm orifice for 00^ and N, at orjiiiary 
tempentturea nnd at 2000°. He did cot lind any, or, at the most, 
no appreciable change in the ratio. Discussing former papers on tluB 
fiubject, he <.'Diph:isb.ea the fact that a diHsociutiou amounting to 6 
percent, ivould be entirely iueoiisisUint with hsa resnlte. It is un- 
doubtedly difficult to make tliis resalt accord with hie ktter work on 
foi'mation of dust, but it seems probible thut the dettTmination of 
the duration uf untflow is less a.hlc to give certain valnes at so high 
a temperature, beeuuse of the rapid deter iorntion of the orifice. 

Owing to the uuecrtainty which still exisla in the specific heats 
of the gafitis, it ia difheult to give an csiict cxpreasion for ihu 
rciicLion energy of CO and O^ forming COj, However, marke*! 
progress has bevn ijjiidH?, aud the following figures, which Nernst and 
■Wiirteubiirg propose fur the percentage of di.woeiiiition at diflfcrt'Ot 
teiuperatureft and preasurea, may be probably regai-ded as a BufEiclent 
baeis for further bbeoretic&l reaeooitig, though we cannot overlook 
the fact thfit the eipressi'm given by Ilolboni and Austin for the 
specilic heat of 00, is need in this onlculution for temperatures up 



MonaUhe/te/xir fhemir. 26 (1906), 605. 
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to 260(1° abs. This efpnssion, donyed from expcnmciifcs at macli 
lower temitemturcij, coataius a [LCgiilive term with T^, wbttiU makea 
tile valOfi for tke speciJic hml of CO. uuduubtedlj too biq&II at liigL 
temiieraturea. 



T 


p = iq wtoi. 


!■ = I •tm. 


F = D-l«lRi. 


P = O'Ol •tm. 


1000 
1500 
SOOO 

2500 


7-31 X ]0-« 
1 88 X 10" 

0-818 
7-08 


1-58 X 10^ 
i-W X iU-s 
1-77 
IS-S 


310 X 10-» 
8 72 X 10-« 
3 73 

30-7 


7-31 X 10-^ 
0-188 

7-8S 
53-0 



SiUel^ it is of iutetMt to see how nearly tLeJie figures are in Ciimpari- 
Bgreement with those giren in tLe Fiftb Irfctmre deriveil hy help *"**f^^"'^' 
of Lc Chatelier'a assuiuptioue, before anj of the esperitnGiits wbivb flj^-meJ. 
are ncDrdt.-d in this nppt-ndii W'C-re piibllshed. 

Aocortliug to the tabic on \*. 171, lliu pvrcentagj of di^ociatioii 
nt ODC atmosphere muonuttj ut — 

(.») I'Atnt" (_'. to trl per cent. 
lb) l.VHf r. toO-1 
(c) 200<J'C. to5-5 

Nerast and WiirteubL'ig calculate from thoJr results the following 
TalutiB: — 

(a) 1323'* C. to O'lUi per cent. 

iH23*C, tou-24i 
(** IISL'S^C. toO-5u7 



^'> ho-2 



laiS^C. to4-8S 
3^0. to 7-05 



Tbt: fiiL-t that \tv Chifcttilitir'b owti ctlcuUvtioDS gave tli« different 
re&albs which are mentioned oh ]i. 17l', is cspluined by the accidental 
error tbiit thu [>iirtial preGsarcs iu Lis calculutious referred to 
the foiiiiatiuri of liCO, from I'CO, whilst the hcut of fonnutiou oE 
CO, wiis used in the numericil Irea-tuoyut, 

Reviewiiij^ our knowledge of the formiitioii of CO^ from CO and 
Oj, lUe iiQcertaLnty Beema limited to tlit; highest ti'm]wrjUnre8 
Bttttiiiablc Ijj- combiufttio!! of 00 mid O,. ludetd, Le (.■hiiU-lier's 
iisamuptiou of 3UU0^ C. for Deville's Qaiue is n Very nncertniu one, 
though, OB we have seen above, it baa proved a tiseful starting- 
point to derive corruci dissociation valuer for temperatures below 
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Dlaaociii- HtiJI gi-eater pmgreaa bus, l>i?cii made in the case of the following 

fen «f ruactiou :— 

Beginning with dctei'minatioiiH aL compara Lively low tenijxira- 
tutcs, o.xygen-liydrogL'ii culls may firal. be mentioned, which tht 
Biitbor boa Btuditit in coiuiiiou with Fk'iscbniuD ^ and Foster,' 
UEiug but ghisK auJ ].KirL:^:l»ii] as clccLmlyk'S. 

Most of tilt glass ctlk Were mmlc in the Tgllowiiig way : Two 
iirfUiiary glass ttibca 10 mm. in diftmcttr and closed at oiw eud were 
fiiaed tugetbcr by Leip uf Ibc l)lLiw|ji|W! by Lbetr clused *ndfi to form 
a ELraigbt Lulic of duubic tlic )eiigl.b. Tbe boLloni uf the tabes 
formed a glass i>arliUuii in tbe middle. Tbis wa$ platluized or gilded 
ou eacli side, and brasbca of eitlier platimim or gold wirta were 
iuBerted fiom tbe open eudB so tbaL tbe jjolnts of tbe brusbea Wuehed 
tbe [Kiitition, tbe otber ends of the bruahea. beiog; conaected U> u 
coiuppiiEatiou appanitus with which tbe cm-f., Bet op bctwt;cn Lbe 
two BidcB of Ihu partition by tbe introduction of diilf«.'r*-'nt gua 
ratxtni-eH from ciitb end, coold bu lueasured. Porcelnin cells were 
maJc by tbe hulp of n atraigbt porceluiu tabe, the middle piirt of 
which was platinized or gilded iaeide and outside for & length of 
10 cms, These Jibiis were connected to ei, compenBatiion appanitua 
by wirt's of the same metal, different gas mixturea. iicting on tbe 
iusidc and otiteide Betting up iin c.m.f. Another form of lbe 
poriiolain cell was made by the help of a porcebiiu tulm closed at one 
end, nnd plHtiiiiz-ed or gilded itiside and outside nt the bottom. In 
all casts (be beatin;; wsls done electrically, and Lbe tcnjperaturo 
was maiBured by the pbitinum plntinuni-rhodium tbermwEcment. 
For details a.8 to arrangcmctit the reader ib referred to the original 
]mpersi. For tcmpcmtiirca between t^i<f and 080° glass oells were 
iiSL'd, and betwtcn Sl.Ju" and 1100° porcelain, iines. 

The theory of the cell is tbe siimc .is that given for the C'O-CO, 
rM:ll, except in one partieniar. Wat er-vii pour !ict« npou the glass and 
porwluin f^laze, wliile the CO; was inert. The cteiitrocbemicul chaogee 
at the electrodes would eorres^xnid iu the simpleat case to the 
eiiuatioD8 — 

(A) iO, + .SiO, + 2(*^SiO;' 

(R) Hi + BiO/^SJO, + n.o + n 

From tbeae eqiiationa it follows thai a change in the presanre of 

' Ztlhihr./. anory. Cheni.,hl (IWli), 245. 
» Ibid., 61 (1^06), 269. 
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the oxygea would inflaeaoe tbe ozfgeo electrode according to the 
formnla— 

B^X 2F= KVln-'\ 

On tlie other hand, the mtiu of IT, to 11,0 at theflocoud electrode, 

Pa J^K 

changing from - to j— 'i wonld prodoce a chaiiKc in the e.m.f. 

eqaal to— 

Eb X 2F = RT/H ^"^ X ^r*- 

However, esperiments show that these 3im|ilc assumptions tire 
incorrect, and mast be replaced by 

(A) IfO, + SiO^U.O + 29^SiO," + J-H^O 

(B) H« + sio;' ^ sio^n,o + ( i - ^) h,o + 25 

Tlic corrftspondiug rormulse for these changes then asaDine the 
form — 

jF = RT/h-^"' - wrin^ 



E'. X 



/' H, X r«^ 



VkJi 



TiOokiDg at these expressions, we sec that the swond Lermg on th« 
right-hand side of btith equations vanish when the water-vapour 
does Qot change in p^rtinl preasure ; that is, when ;/i,^o ib the same as 
^'i, n- Using on both aides of the cell gas mistnres wliicb have the 
same partial pressure of wati^r-vaponr, no inSaence of these termB is 
toheeipected theoTCticiilly, or \a it found esperiaientally, Tlie figures 
given later on vtill ahow that the agroeiueciit between theory nnil 
OTperimeiit with eipial pressure of water-vapour on both electrodes i& 
a cloae one* If the presanre of the water-vapour was different at 
btnth electrotles, qualitative ag^ceement between theory and experiment 
Was still fiiund, r(])('rLinenta] diffimllitjS being in the wilj of qnaiiti- 
tative proof of the theory, that is to nay of an ciact dctertnination of 
the cijKinent x. 

Before givitift the detniled fignrt-s, llje theoretical deilnctions of Tbe freo 
the e.m.f. of the cell frum the eoergy of reaction may be diacuaaed, in fi'^g'*^^^' 
order tf> make cle-ar to what eileut uucertainty still exists about the tion c>f 
theoretical v«hies, and how far the eliectriual maisiirementa Mjree ^''-' '""* 
with concnisions drawn from other sources. eiemeaU. 
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Uaing the same water-gas Bqoation aa on p. 175, and tlie equa- 
tion for the formation of COa given on p. IBS), but with the value 
— 5-lirj for thit tbGrmOh-tljnfttuicallj andeteimiiicd cunsUnt jnstitietl 
bj the above-tjuoted csperimenta of Nernst and v. Wartenberg, 
the euergy of the rtaction^ 



H, + a H»0 



becomes — 



?V 



The values of the e.m.f. uf the oxjgen-hydrogon cell derived 
fiom this furniula ui-e given us K, in Ibu following table. Tlie 
vhIom El are founded on i,he determinations of the eqnililinotti in 

tlie formatiiin of watGT-vapour from the eloments us dL-acribecl Uter 
on, which, by the htlp of the spcLific beats of Langen, allow the 
formulation of the reaction energy aa^ 

A = 57,066 -2*071T/nT + O-O(U25T-|- 7'6T-4-r.GTIo|f,,-^**°- , 

Pat X pc\ 

The Tfttaea E^are calculated from Nernt'g new theory as developed in 
tlifl Appi'ridix to Lettore III., the expression for the reaction onei^y 
according to this theory being — 

A'" =1 57,300 -l'7ST/^*T-n'noOST»-|-0-+57T-4-5fiT lop,,,— "*"-;. 

P«,^pJi 

In the numerical calculationB of E„ E,, E„ the term— 

Pa^ X PiH 

is taken as unity, and therefore the teitn J'56T logn— — ^— . equal 

to !!ero. In ordinary esperimental caeeB this term will have a p^in- 
ftidtrable influence, which may be easily found out by help of the 

S.'~ i''V 

fignrea in the last column, giving the equivalent of — 5p~ '"' i^oltfl. 
Midliplying this fiqnitalent by the Bngga' logflrithra of the ratio 

"" -3 cfllcnlfltcd aceonling to the gj%en experimental data, wc 

P«t X /'n^j 

find the fignre which, Bmbtracted from the Talius of E,. F^, or E„ 

prcMJiiceH the theoretical c.m.f, of the cell nnder the reqnirert 

conditio Da. 
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TempentuK. 


E.m.f. ikf thcMll in 


volts. 












4-S6T. 
-^p-in Volt*. 












"C. 


Rbaplvie, 


. E, 


Kt 


E. 




25 


298 


1-180 


1177 


lira 


0-029 


327 


«00 


1-009 


UVM 


U^38 


059 


427 


700 


1-073 


1-06H 


H)70 


0-06!! 


527 


800 


J-l>4a 


l-03fl 


1040 


o-o7y 


627 


aoo 


l-OIfj 


Ml 10 


1-012 


0*089 


727 


1000 


O'tlftO 


0-981 


0-981 


0-099 


827 


llOU 


0957 


0-H53 


0951 


0-]l)8 


927 


1200 


0-928 


0-924 


frfl-iO 


n-M8 


1027 


1300 


0-fl98 


n-8!15 


0-8*19 


0-1 as 


1127 


1400 


0-869 


0-866 


0-867 


0-138 



It miiv be pointed oat lliaL a& the ratio " . is in moat caaea 

& fraction, ite Brigg-erian logaritlim ia therefore negative* iipd hence, 
&fi this valae must be aabtractcd. It mcaaa un increase iu the values of 
El, Ej, or Ej. Thus, in the case of the ordinary oijgen-hydrogen 
cell at 25° C— 

Po, — O-flr.9 atnioBphere 

?'n, = O'909 
Phm = 031 



therefore — 



farther— 



Vn^ 



Ph, X Po\ 



= 0-03 2 n 



00*11 X log(l-0335 = -00437 

subtraction of this from B„ B^, or E, gives — 
E, K, R, 



i-224 



1-221 



1*222 



E fonnd 
I-U 



The result ehowa the same differcncie of 80 milli volts na jMiimtf^l E.m f. of 
OLit iu the teit i">f liecture T-, on thi- hnsis of I,e Clmtelier's old ^[jf™' 
assainptionB. This iigrociiieTit proves that the detoTmiimtioim miide 
Evince tli(3 piibliaitian of the Qernmn ttlttiou of this hook, though 
they have ijrcatlj iiRTi'ased onr knowledije on the suhjoct, did not 
changB the general aspect of the case derived from the few earlier 
figiirepi. In conoection with this it nifty lie mentioned that NtTiiBt 
and V. lVart«nborg ' deduced, in a piip<T ptiblishi^d at the atimc time 

> OottinffBT NaAricAtm (1905), Ileft I, 
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as the Qerman edition of this book, almost the eame theoretical 
valne of 1-230 voita for the o^gen-hydrogen cell at 25° C. The 
agreement becomes Bbill better with a second calcnlation of Kernst 
and V. Warteiiberg,' which gives 1-225 volts for this e.m.f . 
ifls Returning now to the practical work on the glass and porcelain 

iwith ceUg^ tiig following experimental figures may be quoted :— 



(A) H\'nRO<]EN COSCENTRATIOS Cf.LLS. 



Temp. 




E-m-f. (volt). 


Electrodes. 


Electroljte. 


oc. 


Foand. 


Cftlc. 


470 
472 
560 
572 
860 
860 
1000 
1105 


22-85 
2412 
47-65 
24-12 
11-04 
11-77 
11-04 
8-77 


0-093 
0-099 
0-138 
0-116 
0-111 
0-123 
0134 
0-122 


0-099 
0101 
0-138 
0115 
0-116 
0119 
0-130 
0-127 


Pt 
All 
Pt 
Au 
Pt 
Au 
Pt 
Pt 


QIasa 
Porcelain 

Tf 
»> 
)r 



(B) Oxygen Coxckntration Cbi,ls. 







E.m.f. 


(volt). 1 


Temp. 


?'i)j 




1 


°C. 


^-'o, 




1 






Found. 


C«lc. 


400 


51-9 


0059 


0-062 ' 


47r) 


51-1) 


0-058 


0063 


560 


49-5 


0-009 


O-OOt) ; 


672 


51-9 


0-075 


0-07-2 1 


860 


71-r) 


0-101 


0-103 1 


860 


51-0 


ooyo 


0-094 


1000 


38-7 


0-100 


0-090 



Electrodes. 



Electrolyte, 



Pt 


Glass 


Au 


»» 


Pt 




Au 


^^ 


Pt 


Porcelain 


Au 


-\ 


Pt 





Zeitschr./.phygikaJ. Chemie, 56 (1906), 545. 




(The (ignras given under «.iii.f. O&lc. are the limits derived frotn Uic 
tliree different expressions for the runction otiergy given before,) 



TMnn. 




E.Tn.f. (voll). 


RlMtrodo. 


Ettwtrolyle. 


Fan nil. 


CbIc. 


460-470 
473_4«0 

&«0 
570-Wn 

ftfiO 

sno 

lOOO 


00282 

0-0282 
0-0274 

oo:i-ii 

0-0387 

O-044S 


IlfU 
1H33 
1 143 

i-irji 
]-n87 
1-097 
1-052 


/1-168I 

U-174; 

rH67l 

ll-173| 

{1-1621 

M67| 

tllfln 

hm; 

M-098\ 
MOif 

(1-1051 
HllJ 

il'OSOi 

\ 1-089/ 


Pt 
All 
Pt 
An 
Pt 
Au 
Pt 


QluBS 
>■ 
n 

Porcelain 

K 



The oiygen-bydrogen cell lias been studied further by W. H. Pattor- 
Pattereon.' He coiitiuaed tLc work dou€ hv HnbcT aud Bmimer (see 'I?",? * 

-^ oil IJlo 

p. 178), aod found tUfit iruii inBprted in tnolten alkali act-ed for oiTgen- 
sorae lime ub ii hydrogen elei^trodi-, while pluliuuiu, like other metals, liyl'^KfT 
acted as an nsjgeu electrode He foand tbe foUowEnt; valuits for 
the p'.m.f. of Buuli cede at different tenipcraturta, ivilh siodium 

hyilroxiile as elwitni'Iyte ; — 

T.:mp. *C. ... 34»» .H8-2' 420» 45S= 510° 575= 
E.m.f. fonad .-. imi MH 1-17 Mf. 1-13 I'lO 
E.ni.f. calc. ... Ilf. M5 1-14 M4 M.l 112 

The theoi7 Df this cell and tin; hush of the calculation may be 
Been in the tcit of Lecture T. (p. I7.'»). Following a ktor puhltca- 
fif Itrunner and the nuthor,^ rattcrsou iiara for nuiiieriL-al calculation 
the (Kinaliun given in this Ajipendix on p. '^-^C>. 

Wbilat this wtnk of Patt-irsoq ia [lerhaj^ia more suppofteJ by the Iiowis's 
theory tliiin I'wia vrrm, Lewis ^ has iirovcd concluaivoly, iu an inde- JJJ^' "° 
pi'nJeut way, that the Ibcoretit-al evaluation of the e.m.f. of ihv uxygcn- 
oiygen-hyilrogen cell for ordiii.iry teiniK'niture iK correct, atid thnt ''yj'^Bfin 

' PAtV. Mag. {IWl), Jatitmry. 

> riftLer ftii.t Bninner, ZeUfrhr.f. Eletlraehem. (\90(i), 79. 

« Uivfis,ZHtichr.f.j,hi,iik. C'VTOt>,55 (190«), 4fi5, 
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Nernet 
and V, 

pcTJiuenta 



Grove's cell doea not posacBS the e.m.f. corresponding to' 
revcrail^le formation of oxygen from iu elemeDts. Lewis «ucco( 
iQ proving tbrtt tUe «L|uiIiIiriuui presaun; of 0„ correspgndiDg t^ 

ia eijiifil to rvo X li*"* !itmosp!icn-s at Sf)", Now, acror^in^ 
UtJtk'Ui.T,^ the coucentraLion of Ajj" ami OH' ioua in a i^ntur 
HolutitJH i'f Ayjl at -lie C. ia 14 x H)"" Qorniftl. From the \ 
of Lcwib iipoti the diafiocjation pi'cs^ure of AgtQ, it iiuiucHlii 
follows tbiit the e.m.f. of a cell — 1 

AgA^,0 : Saturated solution of Ag^O ; Oj (I atmosphere) 



mnst be erjual to — 



„ 0059 , 1 

E = - -. l0K„ ^^ - 



r> X 10- 



,= +0-04& volt 



On the other hand, from Bfittcher'a doterminntion it folIowB ihj 
coQibiuatiou, Ag i AgH" ('/i uorm.) — OH,' ('/> norm.) I 0.^ CI ■! 
would have an c.m.f. of ~0'4U5 volt, if such a syatem coa!^ 
made. Now, Lcwib, iletermining carofiilly the valoe [>f Ag i,! 
(Vi norm.), finds it equal to — OTilf) volt, tha ao-called noil 
electrode ( Hg ; HgCIKCl '/i norm.) beiup taken as zero. 

Thus O, (I atra.) j OK' ('/, norm.) = -O-lKi volt, iho noB 
electrode heiug taken as, zero as before. By the help of the 11 
known vajiu' of Kohlrausch and Hcydweiller for the diesocia^ 
of water tit 'Ih'^' (I'O; X l'>-' equivalenlfl of H' and OH' bein^ 
pure water at this tempera tnre), Yre find the e.m.f. of O, (I ol 
\ OH' (V, norm.) - H- ('/, normO ! f>. (I utm.) eqoal to + OH 
volt, mid therefore — , 

Oa I H- V, norm. = 0'934 volt. I 

Tuking into awount that the iiott-ittial Hj ; H' ('/■ nomirj 
kno»'n to Im -f 0'2S:'> volt, the nnniial electrode beJoi,' takefll 
KiTO, wc Jiunllj find VtM voll^s for Ihe e.m.f. of the comliinaC 
0, (1 atm) i H,0 — n,0 : IIj (I atm.)» which value, according 
liewie, can hardly Iw wronij hy more than (rOl vott. It diflS 
indeed, from the viiluea for E,, E„ E„ given on p. 32", by not m 
than niH->4 to O-'io? volt. ; 

CelU of glana and porcelain tell hs the reaction energji 
oxygen and hydropen up to 1000'°, while dissociation mejisarenif 

' Bilttclier. J?«fiieAr./. pfiyntt. CSimiie, 4fi (1903),&21. 
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mado by Nernet nod v, Wartenberg * are at oar disposal for 
- temperatnrcs hctwe€n 1124° and l!)H4°. NtTnat and v. Wiutenbcrir 
used the sauic apparatus foi" tlie lietrrmiQiitiun of the decoiiiptisitioG 
of watcr-va|.K>ar lis 111 tb'e paralkl iiiVeetigatioiis 011 the dissociation 
tif 00,. Tlic water-vaponr iiitroilaced Into the heated pii«;tte earue 
frum n Ijoilinji; flaak of "i.'Vli cc. cap;u'ity, cuiitaiuing walcr willi a 
tittle nlkali. Thi^ boiliDg WsAk wiH litU'd with two platiiniiu wirvs 
dippitii: into the liijiiid, A cnrrent of clectricitj of knuirn strength 
tuisaing throng-h the wnltT developed b definite qnantitj uf oiy^ 
hydrogen gaaes, which was pasaed iilniig with the stenni through the 
pipett'e, &iid there either increased or decreased their percentage 
according ti> the temperatare. Elqnilibrinm wia thna approiiched from 
both sides. The st^^ain comiDS from the apparatus was condensed iiver 
mercury, nud the volume of the liydn.>ifen-oxyt;eri iiiixture, as well us 
that of the wiiter, meftsnred. Some correLtiona were found necessivrj, 
since the t^QBea eulkrttil did not show the mtio 2 : 1 for 2Hi : O.^ lint 
contained hd e.\cesB of H^ probably doe to some action of the steam 
oifc the walla oF (hi- pipt'tLe. Tfie ctinLlilirimn was reached from Ixitlj 
eid^ ; at temperatures below ISOT" uo shifting took place in the 
outlet tube, whilet at 12J4S'' sncb n diifting could not be avoided. 

The amoant of disBociELtion qI wuter-vui>our has beeu dcteiinined 
for higher teuiperatiirea first by Lowenatein "* wnd Inter un by Wur- 
teubei^ t^-*^-) according to un ingenious scheme devised by Nernst. 
I/iwrnstein used a cylindrical platinum bulb, » cnia. in length iind 
\"2 cms. in di&iueter, titled with a cnpillnry tube O'f the same metal 
1? teas, hmg iind of ici uini. bore. This appiiratna was connected 
throngh fl drying lube with a tnanouietcr, amingements being made 
such I hat after complete evaciiatiott of the whole apparatua one limb 
of the niiinoniiL't-er remained in conner-tion with the bulb, the other with 
the pump, tlms maintainiug a vaenifm over this limb. The bulb was 
enclosed in a tube heated electrically. Stt-ani wa&passj?d through this 
tube, and the temperature meflgnred with a tbernin-conpl-; in contact 
with the wall of the bulb. Hydrogen produced by the dissocia- 
tion of the water-vapour diffused rapidly through the plallnniu walls 
and produced 11 difference Id pressure between the two limljs of the 
mnDDiti«ter. The presanre of the hydri^on so mtf&sured is equal to 
itfl dissociation pressure in the stenm. A sliglit complication arose 
from the fact that the hydrogen wLich diffused through the walls of 
the heating tube left an excess of oxygen in the steaui, and thereby 

> GiitUuytr Nathrichttn, 1906, Utft I ; ZHticJir. f. jiAyn'l. CTnm'e, 56 
(1»0«X 5.13 Mid 534. 

« Zeiiidir./.f^ytik. CAtm*^ 54 (1906), 715. 
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diiniDLshed the disaociiition. Muting aUmvunces for this, the 
follomng' figures were found ; — 



mentn of 
L'ftn^''miijr 
Biid Holt, 



"C 1432" 1510° 1500^ 

DI(wociation% ... 0-102 0*182 0-364 



1605* 
O-MS 



Bilmtnnrf 
of dntn on 

TOponrdis- 

■uiAtkrn. 



V. Wartt-iiberg upplied tlic aame iiietbod &t bigber tunipenitnres, , 
utiiDg UD iridium Inilb and an iridium fctrunce. He ijrtjt ttalcd tbe 
periuenbib'ty of the iridium bull) at "nwf ajjainst 0.. aiid N„ and found 
it almost zoi-o. Tbe txiierimciiLs were carried out iu tlie followin^j 
maimer : th« iridium, bulb was evacnated by help of the luercnry 
ptimp ; the manometer, arranged difft-reDtly Uiaa in tbe exi>eriinGi)ts 
of Luwetistcin, waa read, iiiul tho temperature of the bftltom of 
the bulb determined phutoiuGtriadly. Tlicn stL'am nas blown 
throujfh the furnace fur five miautes, the prcsBure in the dibqo-I 
meter befnioin« steady within thia ptTiiid. Air instead cjf st^am 
ivas mtw blowi] through, and the pressuro tu ivhic:h the maaometer 
r«tunK:!tl di'termiued. The follcwiiig fi{;ua*a were deiived from; 
these esperiments -.— 

i° C. I % of UinaocUtiou, 

16S2 Mfl 

1984 1-77 

It still remaina to meution cxperimeuta of Langmair carriwT ont 
in the mme manner with wnter-vapour uh witli cariion dioxide (aea 
p. ai7). The residta of these experiments are iu a^jreement ivitli those 
of Neruat and 7. \Vartcul>cro;. 

Different rcaultw fnr high tera|veTatni'cs have been found by Holt.' 
who passed a eurrent of st^m, likij Lmigmuir, along ft pLatioiiui wire 
hejiUd to teu)]K.-ratLLres from 'MfU° up to 17f>0°. Ilia Iigarc-s do 
not differ much from thoae of Ntirnst and v. WarteuUiirg and from 
those of Lang^inair for low lempenitures, but full much beloir 
them at hij^her tciiipcrnturcB. 

Ill conchisioH of this purt we qiiote the following table, odeuhited 
by Kernat and v. Wartenberg from the experimental work of 
Nernst and his co-workers. 



1 

4 



T. 


P= KJattDB. 


1' = 1 Rtm. 


^ = 


D-t «lm. 


i> = 001 atn. 


UXIO 


1 39 X 


10-^ 


:i-oox 


10^ 


fi-46 


X lo-* 


1-39 X 


lO-i 


1500 


103 X 


10-^ 


•i-l\ X 


IfM 


4'7i:; 


X 10-* 


0-103 




20UO 


0-1173 




0-688 




I'2G 




'i-70 




3500 


l-SS 




3-98 




8-lti 




l«-6 





fhil Mag., iy07, 630. 
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Referring ti.i £wigcs 17(5 ami 177 of this ^x^ok, wf find lliat there 
u dissociation of u-ui jkt ci;]it. to 0'02 per cent is calcuIatAid for 
1473" ate.^ and of 2-5 per cent, for 224(1° abs. The first of these 
figitres, given in the Gcrmaa olltion before any of tlic ciperimonUl 
work mcntiopcd iu Lhi* appendix had been done, ajrreca closely with 
the wilcuUtionss lately },'ivi;n hy Nernst and v. Wartenl«rg, namely — 



«nbi. 


Per c<mt< <il di^eociaLimn. 


14()U 


O'ltOBli 


1000 


m)n\ 



while the second onv currcspouds, atronling \fj Ntrnst and V, Warteu- 
ber.!^, to a ti^mpemtiire only lUii' higber. Tims the great progress 
of our kuowU'dge lius uuulirtued rather than fliiiii^'ed onr idi^as of the 
distio>L-iutii>» water ut dlfff^reut tenuperaturcB. Looking buck at the 
rcaatts reported liwre, we sw, its in the case uf CO.,,, that only 
tlie disaociatbn at the highest u.'iTi[K.Taturc8 JitUiiniiMe hy combination 
of Oj and 11^ still hickni iavL'Stigiitiun. 

Ill the test of Lecture V., fullottinf; the diacuasion of the energy Tlie 
of the formattoD of CO, and UjO, the ei|nilibrium in the Desicon T*«i«wii 
process is discusBcd. Considering the vax&^X anionnt of cxperlmentid 
Work which formerly xindei'hiy the theofcLical fcrLutnient of ixjth 
these fnndamcnta! Teactions, the fact that the espn'saioa for the 
Wftti-r- vapour eqnilibriiiui derived from that of iwhon dioxide by 
help of the Mutcr-gaa equilibrium could be combined with the espres- 
Bion for the llCl L'i|Uilibriiim to a foruinhv which aj;reed bo closely 
with the csperimenUi] rcanlis of Lniige and Miirmior was valnable 
conflniiutiou. This long, indirect method g.ive us l'7;t at 480''. and 
for the 2'4? iilj 4S(j'' coiiatanta of Lho hcjicou process. The direct 
mLasureiUL'iits of Lunj^e and RbiniiiiT giivc ne liM.iO and L*"r>l 
resjtecLively for tliose two tcmpi-nttiiie*. 

It may perhaps be mentioned ihiit fiodhiuder^ wliose work on gae 
cijuilibria wa:^ quoted on p. &9, did not overlook the poseihility of 
derivirif! Ihc Deiicun proa-Bs eipiilibria from i\w other gaa equdtbria. 
tie fuiled iti his attempt to du this, beeuti&e his &B!>umptious for the 
otiier giis eqiiilibriii were not near enough to the truth. Daring the 
translation of this book the Deacon process has been Btndied by 
Gilbert N. Lewis,' and by Vngel v. Falkenstciii.^ 

Leivis worked with IICl and 0^ as origitud aabstHDttes, reaehinf; I'p^fa' fi- 
tbe equilibrium from one side only, lie used a glaes cylinder of ''^'' 

' Auitr. Cfifm.Journnr, 28(1906), 1380. 

' ZfiiKhr,/. jffiniik. tVitrvjiw, Si" (1907^ 313 ; and Zeiitcftr./. J£leetrocAem.. 
1006, 41. 
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200 CO. capacity, htM filled with piccea of pumicti-stone aboat Uib 
aixe of a pea. TLia pumicc-stonc had been sivturuted with copper 
clilorido and flried m u curctnt of byiJrtK-liloHL' iiciJ g^sw. The 
c^vliiidcr Wits heiilcd to u fnscd mixltin; of iiudium niid (mUiSsitim 
nitrntca. The IIOI and 0^ mixtEire, kept over concoQtruti.'d sulphuric 
iicid, Wax passed iiitu the cjUudw, iiiid ufU-r rcnutiniu;^ there a biiiL- 
able time, wtvs ivilhdmwu thrnui^h ft drying tuW coiitainiu^' ^Utu* beati< 
wet with H-jSO, into a piputte, frinn U'hich aimplcs of the ga-sea could 
be tukeo oat fur tiiiulysis. Thv pnicess wus <ia mtcrmittcut oui-. 
samples of the uiiitLire iilways rtmuiaiiig liiilf an hoor in the re-a":iit>n 
cylinder Kfore \y(iia>^ withdmwn. The cyliuder wus repeatedly filled 
and exhmiBted before the real tspKrimeuls were jKirfonned, so as to 
ealnbhsh ennstaiit cuuditiona in the c-ylitidui' und Jiyiog labe. The 
compoBitioti of the final yiis mixtuiij wivs analyzed by absotbinig the 
IICI &nd Clj with tm ai|n>t;oiia solntiuu of potassium iodide tiud 
measuring direcily the volume of the oiyg«n. The solutiou uas then 
titrated Hret with tlii(isiilpli:itf and afterwards ivith pi>tiisaium hydrate, 
nsing phcnolphi-liiiluin as indicator. The procedure ivhh later on 
eimpliiicd, itij it wsts foninl tlmt thu amount of 0, coulil be calciihited 
witli stilhuicdt :ii;cijraiL-j' from ihc composition of the oriy;inal gal 
mixture ; thna only the ratio of IIC! and Cly in the final loixturo bad 
to be deturmiDL-d. The followinrr values for 



I 







K 








were found ; - 










°{^ 


. 352 




352 386 


aset 


419 


K roiiod 


. 415 




3'35 2-^4 


s-oi 


y:-40 


K cjiJculatod .. 


. 4-fy 




4-(hi 3-tt2 


3-111! 


2:^5 



Lcwisi obtained Iht-ae cHlcidatod values on the uBBumptioa that 
the chiingu in heat uapuclty at coOBtaut presBurc during the re- 
iwitiou ia aero \ thu heat of reaction Ix-iog tliyr«fore indopcn«Iciit of 
the tcmpL'ratin-c unJcr the experimental coudilioua. Taking thla heut 
oE I'euction na * 

nCl + 10, = illjO + 4CU + (V. calories 

Lewis deduces the expn.«sioti '■ — ■ 

1-5*I1S , -., 



* This (uruiiilti is of tlio earne type na llio farmnla of Bodlander — 
log,„K = li|i:I-2.434 
The difforQuvc iu tbo renuhiir however a n luarked oae, tti« v«lti6 2-35 



The siilueB for K cnlc, given above are derived from this 
formula. Lewis quotes experimvQta of LiiwieD&Uiin in favour of hiB 
formula made according to the raetliod aB before dcscrifatd (seep, 3-31). 
Tlic)* isdicatwi tbjit at 1537° HOI is 0-274 per cent, dissociated. 
Taking into accoitiit the values for tlie dissociation of wal.t;r foand 
by tlie same autlior, Lewie derives the consbiDt K = U13:^ for tbt; 
teuiperature laS?", wbJk bis e«inatioii given nbove gives K = ii-lin; 
for the fiame tempcrfttnro. Surely Lewis ib ri^'-lit in sttying that this 
is a verj surprising agreement cousiderinv thut this value is Dbtitini:d 
by esterpolating: througli more tima IMOO^''. Oa the other hand, 
calculating fn>in bia csprei^ioti for the equilibrium in tbe Deacon 
process the value of K for ^■'t'^^aDd combiniDg this wilb 1 tole^iileek's 
niBiilta (see Lecture IV.), he finds the valm: l'2i'7 voEts for the 
e,m.f, iif the qxjgen-hjdrogen cell at 2j' C, That ia to siiy, oiily 
one ccntivolt less than the value obtained by bia other mL*thod 
described before. 

Vogel V, F&lkenstein has dctc-tmiiiGd tbe ccjnililiriiim in lh>^Vogiplv. 
Deacon proceea from both siduB at tcmjierHtnres of 4rHi°, lido^j and '''. ™" 
650°. His catiUyst at the lowest leniperalure was cupriu chloride, and pefimealB. 
platinam chloride at the higher ones, both aitaljats being fintly 
divided on tiabeattK. Tbe osygun -hydrochloric acid giis mixture was 
mivdc by passing electrolytic oiygca through hydrochloric acid of 
known strength and at n kaowu temperature, and drying the reuniting 
gas mixture with conccntnLtcd ifiulphnric acid. The chlorine- water 
vajtonr mixture was pri![>arcd by passing uiectroly tic chlorine tlin lugh 
water at a known temj>eratiire. In both t'oees the goseg ]:>a&sed without 
intemiptioD througli tbe reaction chamlxir, which was heated 
clectricidlj to tbe desired temperature. 

In these experiments the time of reaction was shorter than iu 
those of Lewis'a, and in conBcqtteiicc C((t]ilibriiim was only reached 
at u-mpcratureB higher than 43u°. The following; table of values is 
computed for— 

from the results of v. Rilkenstein, the exthoriments skirting with O, 
and HCI being given under "direct process." and those from CI, aod 
HjO being under ''reverse proceBS:'" — 

corresfwncling, according to Lewis's ealcukiion, to 416'^, while according to 
Bonllfiniler'ia foirmHla it »bou](] corrij^iond to 25G^. The aonrce of the 
diffiLTence lies in Uie fact tEat Bodlander, who wrb convinced of the^^eemeat 
of the e.m.f. of Grove's ct-U with llio Iheoretic«l vitlue for the osy-hydrogcn 
cell, forxDed Ub expreesign to coincide with this aHuaipticD. 
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and uuku- 

llktiullB. 



Degrees C. 


K. 


IKnet [itocub. 


Bevcne pTPCesn. 


Mean Tkluc. 


450° 
|tiO0 


2-31 
U-804 


2-22 
0-7S9 


Z26 
102 
0-79 



The valiicB for C00° ore in brackets, as oulj a ftw exiierlmuate were 
luadti aL tLIs LeDiptnLture. 

The agreemtut of Vogut v. Falkeoatem'^ rcsnUs with Lewis's is 
hj uo inenns f^'ooJ, tlic constant 2*-H) cmTcsponiiing, iiceordiug 
to tlie former, io 44::^" wlitle Lewia found it at -111)". 

For Lhti tlicioretieal dii^caseiiuu Yugt!! t. Fa3k<.-ustfiii uses first the 
esprcGsiou— 

loj,^K = ^*^; ^-0-13751og,„T - 0-Ol>f>0395T - O'Su 

wliic'li (.-orrcstiomJa tti NtrttBt'e theory sis developed in tli-c Ap[iit'D(lix 
to LtTturc III. Ah this cquutiun doue uut cxpiuii^ LcwIb's rvsull^i;. 
he dei'iVL'B the followiug formuln ;— 

log K = —r~^ - 0-534 log T - 3-1423 x 10^*T + 1'7<I75 

X 10-»T + 0-074 

Oil tb« l)3sii4 uf the BjiCLific Leats of Holborn aud Heniiing. The 
calculations madu iiceordiug to the ahovc formulit Jire compured with 
the es]K;rin]cuUil fM<:t8 in tLe followmg tabl«. Iti the lust columa 
are addtjd values derived from the foi'mulu fjiven by ihc uuthttr in 
tlie text of tlic Fifth Leuturc. It is inttrcating to iioLe how nearly 
the old formula agix.cB with the new G:£perlm&[it&. 
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KcaIc. 


Kcalc. 


titgn^t C- 


K fomid. 


EKperiinenter. 


Bteiu). 


acCDniin^ til' 


36^ 


. 40^ 


Lewis 


4-70 ^ 


^^ 


386 


3-0-i 


JB 


3-63 


^j^^^ 


41!) 


2-35 


l-t 


•i-n 


•2fi2 ^ 


A'JO 


lb 


Lutrge aud Marmiev 


■lUii 


•1-i-I 


450 


2-^6 


V. FaJkctisteili 


>j»>-> 


'i-m 


480 


20 


LuDge aud Unrulier 


1-35 


1-73 


600 


1-02 


V. FdkcDALem 


0-99 


(vyo 


660 


0-794 


fi 


0*806 


0-7:i« 
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Forthermore, we can derive from onr old formula the equilibrium 
coosbant for 1537°, and we find — 

K,«„ = 0123 

while, as Lewis pointed out, the experiments of Loweusteln show that 
the value at this temperature is — 

K,^ = 0-133 

Thus the agreement for both high and low temperatures is 
astonishing, strongl; supporting oar statement that the great 
increase in experimental data rather confirms thau chaises our views 
OD the location of these gaseous equilibria. 

It may be mentioned, in addition to this discussion of the £xperi- 
Deacon process, that Levi and Battoni ' investigated the alleged ^^*and 
chemical changes of the cupric chloride acting as catalyst in the Battoni. 
reaction, but were unable to find either cuprous chloride or cnpric 
ozf chloride. They state that the affinity for water is the reason for 
the catalyst's activity. 

' Ofl*. CUm, Jtal., 36, i. 320. 



APPENDICES TO LECTURE VII 

1. The theory of heten^eneous reactions has been further developed. 
BodcnstetD and Stock ^ have showui tiiat, in the dccompoBition of 
Btibine at ordinary teinjjeratures, which U greatlj accelerated bj 
finely dividftd antimony, the velocity of ilecompusition ih determined 
by the velocity in the layer of absorbed gas covering the iiarticles of 
aottiiio'Dy, The rams M of this absorbed ^ah \h conn'^cted wit,h tbs 
Concentration C of the gas in the free gaa spuce by the relation^ 

Til = «C' 

What we know regarding the effect of changing temperaltire on ^ 
may be Eniiimarized iiy sayiug that at, very low temperatures p is 
small, at high tempiiratureG nearly equal tu unity, und nt urdinary 
temperaturtB about equal to 0"5, Tlie factor a is differt^nt for 
different suhataneeB. 

The m&as decomposing in unit time is proportional to bhe 
absorbed, mass ; that ie — 

- ^ s= m = kad 

RL'ferring the amount of decomposition to the total quantity present, 
uhich IB equal to the cunf-entration C when its volnme ia one in 
arbitrary nuits, we obtain foe the reavlion vel<3city Y the expreBsion — 






Putting/? = 0"6, we have — 



This expreEBion a^jKes excellently wlib the observationB at i5°. 
It appears thut the catalysis of oiyhydrogeii miitures by porcelain 
belongs to the eame clfiSB as the catalyRis of etibine, whilst the 
catidysis of oiyliydrogen mistnreB and of miitnrea of SO, and Oj 
by platinum appears to be governed by diflfusion velocities. The 

' Sfri. BfT., 40 (1907), p. 670. 
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diiTerence in the catalytic effect of porcetam and platmnm discnsaed 
in the Soretith Lectarc^and ita refereuce to differences m the velocity 
of the chemical chani^e, are thus fully uoolirmed. 

IL When the location of an er|nilibrinm is known, laeasnre- 
menls uf tl)t> rate of formatioTi or of dcccimpoaitioa may nerv^ to 
detwrniDe the order ^^f tlw reaction involved, IT. v. "WartenUTg * 
Bnoceedcd in demonstmting^ in tliis wny that tht^ formations of ir&ter 
from the elements at 1100° and of carbon dioxide from carbon 
moQo\id« and 0, at 12(.K)° tu i:!0«r are dimolL'CLilar reactions. Bat 
it Khoald here be noted that kltictic e<|UaticiQa in their sitnpFe form 
only ap|ily to rcactioTU at foiistaiil volume. If the Dumber of 
moleonk's changes during' the reaction at constant prepare, iis it 
doej in the formation of water or of carbon dioxide in s etre&m of 
gaa, then, as Wegscheider ^ has shown, -we miut calculate somewhat 
differently. 

In a igivert quantity of an oxybydro^en mixture the amoanl 
changed rf^ in the time dt is given by the equation — 

where j- eigniOes tbe amount changed per nnit of Tolnme, and V 
the volume of the oiybydrogen miiture. We alflo may write — 

dt ~ ^ tit 

If now fM, — ifi) 18 the amoaut of uuibang^ hydrogen Btill present 
at the time t, and {M^ — n) the corresjtotidino; amomit of oxygen, 
then — 






and^- 



Vf 



Bat the volouie T, is known from the known initial volume and 
tl)4 ciiuige of volume during the reartion. The furmer is, where 
M, and M, are reckoned in sram-roolecules — 



RT 



(M. + M.) 



ZeUathr.f. Fh^tik. CTeifi.. M ^I»06), 513. 
IbiiL, 35 OWXI), S:8. 
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RT 
The latter equals —— ft,' since when & gram-molecule of oxygen 

(n = 1) is rued up, the vuiume of the ^na misture decreaaoa bj one 
muleculur volamc. We obtaia theu, for uoDstant pressure, inoLuding 

-j- in the coiwtaiit,— 

fit (M, + M, - itY 

If M| aud M.J Mre equivalent, M, = 2M„ aud if we eipi'eas tbe 
amount changed in fractions of the initial amoant present ( -r = ^Jt | 
we obtain — 






while the correeponding kinetic eqoation for constant volume was — 



Or'^<^-^ 



It is important, however, to keep in mind that in the derivation of 
Ixith formuli:^ it has been asEiim^d thut the reaction takes place in a 
homogeneous system, Uonscjuentty, as soon as a gas reaction takes 
place on a catalytic Burface neither formnlu iu entirely rigoroua. 



III. Heccnt investifrations hnve shown that among those 
which arc stable iit high tcmpLTatarcB, but which exhibit a tendency 
to decoi!Q|)0.io as they cool off, nitric oside is unique in the BJowneas 
with which it dccompoHea. Thus Clement' found that at 1000" a 
gafi<}qas mixtures contaiuing 1 per cent, of ozone decottipofics 
spontaneously in 7 x I'l"* seconds to a cotitcnt of a fclioiieandth 
]jart of a per cent^ It is, consequently, difficult to prei^re ozone 
thermically. Neverthclijaa Fiacher," in conjuuctitjn with Bmehmcr 
and Marx, bos Huccceded m obtaining ozouc by moana of beat iu » 
number of dilTorcnt ways. They burm'd hydrogen and other com- 
bustible giiecB in liquid air or liquid oiygcn, uud fottuil ozone in the 
residua] air or oiypcn. They obtained the same result by hcatiog a 
platiunm wire or a Nernst filament to a white heat in liquid oxygou. 
Indeed, in thia laut case the ozone content corresponded very nearly 
(o the amount required by theory. That is, one can caltulfttc from 
the e.m.f. of an oKone-osygcu cell approiimulely what the oaone 

' Annakii drr I'hyhik., (IV.) U (1904), 334. Cumpfttc also Jahn, Zeit. 
« htri. iier., SK (lOOfJ), 340 aad 2557. 



concentration wonld be when in e<]ui!ibrinra at different temperfttnres 
with oiytcen at utmosphi-ric pi't^ssjirc' It is found tbat ut TJUtt" » 
content of O'l per cent,, and at '2iH'i'^ a content of 1 per cent, (by 
voltune), Bhould be atabie. Thia agrees approximately with the 
results of Fisdier and Braehmer. It J8 poBsiblu to prove that ozone 
ia formed in the combustion of hydrogen and aronnd a Nernat 
filament glowing in oxygen, even without the use of liquefied gases, 
by simply forcing sir or osygen at a high-enongh speed over the 
hydrogen flame or filameQL If tlic coolin*; gas ia not forced by 
rapidly enouj^h, nitric oside in formed. The oaone has time to 
decompose, bnt the nitric oxide doe^ not. 

riydrotjen peroxide was alao fofintd iu the combiistinn f^perimpots 
when the velocity of the cooling gns was very great, bnt, etrange to 
aay, none was detccrtcd ia the experiments with Eiqaid air or oxygen. 
Its rate of decomposition ts also very great, approaching that of 
ozume.^ Its formation hy the sudden ehilliug of a hydrogen flame 
with ice has been well known since the experimenta of Traiibe. Ita 
concentmtion at cqnilthriuoi can be calcniEitcd from the difTerence 
between the potcutljila of oxygen and hydrogen peroside. Nemst' 
made the calcnlation on tlie tuaanmption that the dilfercnce o£ 
poteotial amounted to U-371 volt. Meanwhile it has been fonnd 
that the potential then nijaumed for oxygen wm some 0'12 or O'lS 
volt too low. The author now finds, from hia meaaitremcnta of the 
hydro^^en peroxide and the oxygen potential, that the differt-nee ia 
0"42 or '►"43 volt. Calculating from this 7alue, the stable oontent 
of hydrogen peroxide ut these high temperaturea is found to be 
somewhat \vsa than NernsfB values. 

Nitrous oiide is the otHj other endothermic coinpound of thig 
claaa wheri5 nite of decomposition baa been measun-il. Kunter* 
finds that its rate of decomposition ra considerably less than that of 
ozone or hydrogen peroxide, bnt still at about SOU'^ is a thousanid 
times greatcT thfiii that of nitric oside. Thta shows clearly why, in 
prepiiriiig nitric oxide at high terapemtnres, the formation of lutrona 
oxide has never been obeerveil. 



IV, Warburg and Leilhauaer' have ahowii, in contradiction to 
the older observations of Bertlielot, that when a direct current 

' NeruBt, Zeit./ilr EleOrochfm, 9 (1903). 891. 
yfri^., 11(1905), 713. CompareFinckli.JJrii./.tWKM^.rairm., 43(1905), 
116. 
" Znt,phyf, cA«w^ 46 (1903), 720. 

• ibid., 53 (1905), 441. 

• jinnalm der PhytiK [4] '20 (1906). 743. 
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is sent eitlier LhroHs^h dry or uioist air rtt atmospheric preaexire tbe 
uiti'ogBu js iJBrtiallj; ysidrKtiJ, eveu at tf'topuniturcs Wtwetrj U'^ aad 
2W)°. It therefore becomes doubtfuL whether the formfttion of NO 
from Nj aud 0, iu the electric arc iB pnreSy a thermic praoe&a. 
WHi'bur;); Aiiii Lolthiitiger need puteiitiuls of &dO<> to 10,D00 vuUs, and 
current Btreiigths of 0-]4 Lo 0-4 iniUiampcre. One eld'trodi; c«n- 
siatod of a jiair of platiatim pjiube, the other of a \HCCi! u( i^bcfet 
platinum coanectcd with the tarth. The quautitj of oiidnlioii pro- 
ducts formed was., to be- sure, vei-y Rmull, about a rool of NO being 
fcirmcd in the most favourable cases per timperc hour, or, on the 
l>asis of a polential of 10,001) voile, »buiil U'l tuol ^H^r kilowatt hour. 
llsuaHj Lbti yield was not so gojd (about O-O.'i mol i)«r kilowatt 
hour, or, S grama of H NO, per kilowatt year). The reaeoii of this 
formation of uitroiifl vapouiu by ufcill electrical diecharijcB ib not yet 
clear. One might think that pholwhcmicul w-'tion wiss perhaps 
reBponaible, because we know that this is luually the caosc of the 
formation of ozone. But if it is, tbeii only wave-lengtha leas than 
0-2fi can b« operative, for Kreus^ler ' has shown that only such arc 
absurhed to any extent by air. On the other hand, Warharg's 
Cu^pcriDiiciits famish ground for the iiseuiiiptinn that OKoiie is pro- 
duced in atiil eJvtitrical di*:harges by electronic inipicta. Warburg 
utme to the conclusion that the negative plow and the |»sitiva 
column in (mint di.*?liargeB indicate a high velocity of the gnseons 
ionfl, aud that the collisions of these rapidly moving ions with the 
gSM molecules cause chemical reactions to tnke place (ozoiiiwtiuu), 
Trhich would not occur wcii'r the mrjtiotis less mpid. A similar action 
of rapidly movinj,' iona niixbt coiitribi(to to the formation nf iW 
ozideG of nitrogen, both in the still electrical discharge and in llie 
high-tcngion arc. Nevcrthelusa, aincQ thufe are no facts known 
which diBsgree with the llicrmic explanation of th« action of the arc, 
we had beat adliere lo that explanation for the pii-Bunt. 



V. New data arc now available bearing on the velocity of forma- 
tion and dcc4>mix>aitiuii of the <.>x.idL'H of nilRi^fen. These data, ^vhicL 
are derived from csperimcnt^ performed iu ttibca licaLed from the 
outaide, do not, however, provide us ■nilh any simple picture of what 
takes place when these relictions are brought about by the electrit^ arc. 

A eeries of experiments by Fint-kh' first deserves cioticc. He 
repeated Bunstn's csporimenta upon the oxidation of nitrogen by 
the explaeion of an oxyhydrogcn mixture in the preaence of an 

• £cit./. (iHorg. Chcin., ib {VJOb), U6. 
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«■ of air. Ue cxn'erud the inei'<--arf atjed to seul off tbe e.'iplDdiiig 
ganmiitart with a tbiu layer of 10 per cent. potoaeiLLin hjctto-vidc in 
order to prevent the nitrous or nitric acid formed from acting on the 
mercury. &|utlibriniii was not reni'bed IjecaiiBe n\ the relatively low 
temperatures atUiineJ, tbeee being, iu the two series of eijjeriments 
according to ca!ciiIat.iouB of Nerast,' 2307 ^ and 21(12". NtrnHl aasumt, 
aa a Hrst approiimation, tbut tbo formation of NO takes place 
isubhttTiually at the nia\lmiiin temperature, and puts the time of 
reaction proportioaa) to the ajnare rocit of ibc initial presaare uf tlte 
gas raiiture. In this way he L-alcLdati'a valuta for the yield which 
ate very close to those acluaUy obboiued by FinckL. Finckh found 
the concentration of NO :it equilibrium iit 2307 * to be 'i'OS per 
cent.; at 2402"', 2 '^3 per ceut. These numbers are very aluiilar to 
those found by other inveaiigatora in entirely different ways. 

Certain experimeuta by JelUnek ^ afford a surer baflis fur calcula- 
tion. He studied the rate of formation and decorapositiDii of nitric! 
oxide in porcelaiu, platinum, and iridium vessels at temperatures 
varying from tiHSli^ to 1760". He found that the velocity conatanta 
thronghout the whole temperature interval studied were doubled for 
every 50"^ rise in temperatare. To be sure, the walls of bis vessels 
eierted ii &ouiewhut disttirbing catalytic effect. 

The equilibrium waa reached even at 2800" in the thousandth 
part of a second, We can predict that at a teraf»emtm-e of SiJOO'" the 
same result would be attained in 10-' aecond. IF, then, the arc light 
consiata of a heated thread of gas only (>-i>l nim. in thickness, eqnili- 
brinni would be very nearly attained even if the air were forced 
through at a rate oF 1000 m. per second, provided uo other factor 
cntera in. Similar considerations hold for the rate of decomposition, 
80 that it is surprising that the air can be withdrawn from the arc 
without much trouble, and its NO content still kept up to 7 per cent. 
On the other hand, it is known th&t if a stream of air is blown 
ihrough an alternating current arc with the greatest velocity, only a 
very small amount of NO is formed. 



VI. Gran and Rubb^ have nndertakeii a thorough investigation 
of the Formation of tiitric oxide iu atatlonary bi^h-tensiun arcs. 
They used cooled capill;iriefl in suukju^ their eauiplea of gafiea out of 
the arcs. With ares S cm. long they succeeded in obtaining a gas 
multure containing as much as b per cent. NO, corre8].x)uding, accoid- 
ing to the eqnilibHnm meaeureraeuts of Neruat, to a temperatnic of 

' ZtiUf. anorff. Chntn., 45 (1906), 126. ' Ibid,, 4d (IStOS), 229. 

' Si'tsituffilKr. d. Avii's. Acad. Wiru, 115 Ilo. (.l^O^Ji '^7- 
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3100^ They concluded tliat this coTikMit represented the true 
equilibrium Konceot ration, oping air mul at) arc fjf tlie given lengtb, 
Usiug ai-ea fi cm. long, they improved the yield to as much, as &'6 per 
cent. NO. The yield in their exporiinenta i-orresponda to between 
500 and COO Itg. HNOj per kilowiitt y«ir, and lliuy promise still 
bt'tter yields using long arLs. Thia prop(;8al \s, indeed, couLaiued in 
the French patent wf ihe Badisi^he Auilin nnd Sodnfabrik. We 
cannot dml here with the already extenaive literature, or the rapidly 
increasing nnmber of pateitta dealinij with the t«riinica.l preparation 
of nitritj oxide. They van bi) Found in the recent vitlamee of the 
Zfitsckiift/iir EleJclrorksmk either as original articles or as abstracts. 



yil. Baur has attempted, in hia book on " Spectroscopy and 
Colorimetry," ' to expltitn the riidiiitjon pheootnGnaof flames without 
the asBiimptiou thiit Inmiueaccncc takea place in thera. lie esplains, 
for instance, the intense green light wliteh the inner couo of the 
buneen burner sends out when the primjuy nir-stippiy ta lar^e, liy 
the hypotheaia that under these conditfouH methane is present in the 
brightly radiating layer. Its absoriilivc power, according to all the 
measnrementa we posseaa, i» large, so that we can aSfiume a high 
coefticient of cmifaion. Since, now. there is no methane in the 
layer of gafl in Luatnediiite contact with the bnrniiig' zone, a differ- 
ence in the brilliancy could be brouy;ht iiboul in thia way. 

Dr. Lacy, hywever, has tried iu vivin, in ihu author's laboratory, 
to produce a ligbtin<; cffi-ct by blowing mettmnc into n flame of 
benzene at a point abore tlic inner combuBtion zone, even when the 
methane had been preWounly heated by passing it through hollow 
Nernat rods heated for several centimetres to a very htgh tem- 
perature. 

Further, it should be observed that the difforeiaeB between the 
nWrptLVe power of carbon dioxide and methane (1 : 4'.''i) is not 
sutficicnt to explain thii difference between the nkdiation from the 
inner cone and the adjacent layers nf the bunBen flame. The 
unbornt gus-air miEtiire do^s ind^d ci^ntxin 7 per c^ut, methane 
which is not proBent in the burnt mixture^ but^ on the other hand, 
the latter contains a considerably gn»ter amount of water- vap-jnr 
and cnrbon dioxide. 



4 



Til- Hayer and Attmayer* have investigated the &tabitity of 

' Vol. T. of Bre^ig'tj " Haadh^ucli der ao^ewanilteo phyeikdiacben 

Chemie." Leipiig. 1907. 

» Berl. Jier., « 11907J, 2134. 
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iiR'thaiiCi mill find tlmt. ;it one iitm08]jhcre pressure the fyllowiug 
pcrccQlagcs are atablt; iu Llie presence of hydrogen : — 



Temii. C. 
Pit cent. 



98-71t 



AlAf 
7l3-») 



4G-ti3 



7511- 
6-08 



1-69 



The tbeiinodynamic expresaion for tbc amUibrintD — 



is— 



21-1 + -;ii— - S*y934/.*T - U'UU:iy3tfT = \Kb^^ 



T 



!'•».. 



tt is evident from Uiis expressioB that witli dccretising hjdTi>gi3D 
pressure the equilibrium pressure nf tuitUmue rapidly fftlls. Thus 
at SSO", where at atmospheric presaure r.lKii per ceut. methuDe 
in im equilibrium with hydrogen ivliosu prtMsure la then tl'l!!S+l 
rtttuoBpheres, a decrtasn; of tlie pceasure of tbe bydrngeii to n-i 
atmosphere lowers the methane conteut to inilU per cent. This is 
the very limit ut ivbich metbaue uau be analytiually dett'cted. By 
combimQ^ the methane e'luUlbriiitm with the carbon diosJdu 
wjuilibriQo] — 

we readily obtaiu the equilibrium — 

between c»rbun dioi^ide, uicthacif, cuiboii luouuxide, and bydrogeu. 
This ciku be dyne by simply subtracting the cipKssiou for the oirbon 
dioxide equiUbrium from the expression we have just given for the 
methaue eijuilibrium. 

The carbiiu dioiiJe cijuilibriuni hits ruwiitly ixx-u niure accnhitely 
investigated by AUyer and -lacoby (private uommuijicatioii). The 
miiiMiia-mcuts show that above '•JO" u t-omplicatiou seta iu, but. 
nsEn^ the values obtained below this temperature^ we derive the 
eiprcBsion — 

ly& - -:P^' + 3-y4/.iT - oun31S«T = VUn^ 

Subtracting as iodicated above, we obtain — 

We see immediately, from tbis expression, that in hot wiiti!r-(^ 
oontaiuiug 11 few perceuta of CO,, CO^ iiutl Hi no perceptible 

■/. 1 
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iUDount of ClljCiin exist m fqxullhrium CTtn ab a red huiit. Any 
methane found iu tUe flame must, therefore, reprQaent Himply traces of 
tho original sLibstauue which have escaped oxidation and decompoai- 
tioD in the inner cone. 

We can conBider the reactiooB — 

iu »ti entirely aaalogous waj. Their difference is — 

Tlic acetylene erjuitibrium as represented by the lirst of these 
reiictiouB hna rei;ently been studiad by v. Wiirteuberg.' It appe.irs 
Trom bis results tlmt thi' cipreesion — 

in not far wroug, We thun obtain — 






«0,2M4 



+ 12?rt'iV5T + U-^llT + 37-68 



From this exproBsiun we net- that auy auiilytically detectiible Lra<:e of 
uiethiine would Uari^ a very etmug tendency to disgociatt; into 
ticetjlcne iirid hydrogen. The fiict thtit traces of methane do never- 
theiess ifereiat is evidence <jf the «straordinary slowness with wliicli 
luetbine reaciB ut high teuiinetaturus. The wcll-kiiown difficulty of 
ij^Diting a mixture of lucttiane and iiir ia the absence of hydruyeii is 
c:lu'aely coniiocttd ivitli tiiitt GiLme pliuuoiiienon. 

' Ht'iC./. 'iinffff. Chamie, hi (l^OT), '1'^^. l>iiLa iiro iieie given regnrdiiig' 
the e^jiiilibiiuiii — 
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